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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units 
verted  to  metric  (Sl) 

Multiply 

inches 

feet 

square  inches 

powids  (mass ) 

kips  (mass) 

pounds  (force)  per 
square  inch 


of  measurement  used  in  this  report  can  be  con- 
units  as  follovrs: 

- By  . 


To  Obtain 


25. U 
0.301*8 
6.1*516 
0.1*535921+ 
1*53.5921* 


millimetres 

metres 

square  centimetres 

kilograms 

kilograms 


6891*.  757 


pascals 


PROCEDURES  FOR  DEVELOPMEm  OF  CBR  DESIGN  CURVES 


PART  I : INTRODUCTION 

t 

Purpose  and  Scope 

1.  Slgnlf leant  changes  In  the  procedure  for  developing  CBR 
(California  Bearing  Ratio)  design  curves  have  occurred  In  the  past  few 
years.  The  objective  of  this  report,  therefore,  Is  to  present  a descrip- 
tion of  the  current  Corps  of  Engineers  (CE)  methodology  for  construction 
of  flexible  pavement  design  cwves.  This  report  represents  an  update 
of  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  Instruction 
Report  4,  "Developing  a Set  of  CBR  Design  Curves,"  dated  November  1959.^ 
Procedures  for  computation  of  pass-per-coverage  ratio  by  statistical 
methods  are  described,  Also,  procedures  and  tables  for  computation  of 
deflections  and  equivalent  single-wheel  loads  (ESWL)  for  any  value  of 
Poisson's  ratio  are  presented,  although  the  CE  uses  0.5  for  all  calcula- 
tions. This  report  was  prepared  to  familiarise  engineers  with  the 
theories  and  techrlques  for  the  construction  of  flexible  pavement  design 
curves . 


Background 

2.  The  CBR  method  has  been  used  since  the  early  1940' s In  airfield 

1-4 

pavement  design.  This  method  has  been  Improved  repeatedly  as  the 
result  of  continuous  research  and  field  observations  through  the  years. 
The  method  may  be  considered  semlemplrloal , since  It  was  developed 
using  concepts  and  mathematical  developments  of  the  elastic  theory, 
together  with  data  taken  from  test  sections  and  airfields  under  prototype 
aircraft  traffic, 

3.  In  computing  pavement  thickness  through  the  CBR  design  method, 

the  following  data  must  be  known:  volume  of  traffic,  load,  type  of 

design  aircraft,  and  soil  strength.  These  parameters  account  for  the 


magnitude  and  distribution  of  load,  as  well  as  the  frequency  with  which 
the  pavement  and  the  subgrade  have  to  undergo  stresses.  The  soil 
strength,  represented  by  thf.'  CBR,  indicates  the  ability  of  a soil  to 
withstand  wheel  loads.  CBR  is  not  a direct  measurement  of  the  soil 
bearing  capacity,  but  is  an  index  of  the  soil  strength  determined  by 
comparison  with  a standard  value. 

b.  The  CBR  design  method  for  flexible  pavements  was  conceived 

initially  by  the  California  Highway  Department  to  compute  pavement 

thickness  for  single-wheel  loads  on  highways.  The  method  was  then 

adapted  by  the  CE  for  airfield  design.  Following  the  development  of 

5 k 

larger  aircraft,  the  method  was  adapted  for  multiple-wheel  loads  ’ by 
studying  the  effect  of  uniform  circular  loads  acting  on  a homogeneous. 
Isotropic,  euid  elastic  half  space,  through  use  of  the  classical 
Bousalnesq  theory. 

5.  Results  of  extensive  tests  on  full-scale  test  sections  trafficked 
with  multiple-wheel  heavy  gear  loads,  in  conjunction  with  statistical 
studies  of  the  traffic  behavior  on  airfields,  have  recently  led  to 
Important  improvements  in  this  design  method.  A new  procedure  was 
developed  to  deal  with  the  effect  of  lateral  distribution  of  traffic  on 
runways  and  taxiways,  and  consequently  an  Improved  method  was  found  to 
relate  the  number  of  operations  of  an  aircraft  to  the  number  of  design 
stress  applications  to  the  pavement  (passes  per  coverage  ratio),  Also, 
the  effect  of  multiple  wheels  on  pavements  was  restudled  and  a relation- 
ship was  established  between  the  number  of  wheels  on  the  main  assembly 
and  the  effect  of  etross  repetitions  (load  repetitions  factor)  on  thick- 
ness. The  overall  result  of  these  developments  on  pavement  design  was  to 
reduce  the  required  flexible  pavement  thicknesses  for  a given  loading 
condition. 


PART  II;  TRAFFIC  STUDY 
General 

6.  Traffic  is  one  of  the  primary  parameters  affecting  airfield 
pavement  design.  Airfields  are  usually  designed  for  a given  number  of 
passes  of  a specific  aircraft  having  definite  characteristics.  The 
number  of  passes  of  the  design  aircraft  is  directly  related  to  the 
number  of  times  the  pavement  is  subjected  to  the  maxlmvun  stress  and, 
consequently,  defines  the  pavement  life,  In  this  part  of  the  report, 
the  relationship  between  the  number  of  passes  of  the  design  aircraft 
and  the  number  of  stress  applications  to  the  pavement  will  be  mathe- 
matically defined,  and  the  manner  in  which  this  relationship  affects 
the  pavement  design  will  be  discussed. 

Lateral  Distribution  of  Traffic 
Theoretical  oonsiderations 

7.  Usually,  runway  and  taxiwa^'  center  lines  are  marked  as  a 

reference  for  pilots.  As  a consequence,  the  traffic  tends  to  be 
channelized,  with  the  highest  concentration  in  the  vicinity  of  the 
center  lines.  Theoretically,  the  probability  of  running  on  the  right 
or  left  side  of  the  geometric  center  line  in  any  single  use  of  the 
airfield  facility  is  fifty  percent  for  each  side.  Therefore,  for  a 
small  number  of  passes,  the  traffic  may  be  considered  to  follow  the 
pattern  of  a binomial  distribution  or  discrete  probability  distribution,* 
6ind  tends  to  the  normal  or  Gaussian  distribution  as  the  traffic  increases. 
(*Note:  The  binomial  distribution,  also  called  Bernoulli  distribution  or 

discrete  probability  distribution,  is  given  by  the  expressions 

P'*'  ^ 

and 


where 


n'^x 


Nl 

xl (N-x)t 


X ■ the  number  of  times  an  event  will  probably  happen  in  N trials 

p ■ the  probability  that  an  event  will  happen  in  any  single  trial 

q ■ the  probability  that  an  event  will  fall  to  happen  In  any 
single  trial 

Example;  In  6 takeoffs,  the  probability  that  an  aircraft  will  run 
2 times  on  the  left  side  of  a runway  center  line  is 


1 2 1 ^-2 
p(2)  - gCgCi)  (|) 


6\ 

2nrr 


ih 


0.23 


As  the  number  of  trials  increases,  and  if  p or  q is  not  close  to 
zero,  the  discrete  probability  distribution  approaches  the  normal 
distribution  and,  in  the  limiting  case,  when  N tends  to  infinity, 
the  approximation  is  exact . ) 

8,  Since  airfields  are  designed  to  sustain  a very  large  number  of 

passes,  the  traffic  may  be  considered  laterally  distributed  in  the  shape 

of  a normal  curve.  Actual  traffic  data,  taken  from  observations  at 

6 

several  military  airfields,  show  agreement  with  this  theory,  Figure  1 
presents  a comparison  between  theoretical  and  actual  distribution  curves 
based  on  observations  of  the  behavior  of  aircraft  at  three  Air  Force 

bases. 

General  normal  distribution  and 
standard  normal  distribution  curves 

9.  According  to  References  T and  8,  the  general  normal  distribu- 
tion (OND)  curve  or  Gaussian  curve  is  defined  by  the  equation; 


where  x is  a variable  with  a continuous  set  of  values,  la  the 

standard  deviation  of  x , u is  the  mean  of  the  x values,  and  f(x) 
is  -the  frequency  with  which  the  x events  can  happen. 


T 


Figure  2.  General  normal  distribution  (OND)  curve 

10.  If  the  deviations  from  the  mean  are  measured  in  units  of 
standard  deviations  (see  Figure  2),  this  relationship  can  bo  expressed 
by 


z 


and  Equation  1 is  replaced  by  the  expression 


(2 


(3 


or  simply  by 


f(x)  « ^ f(z) 
“x 

The  equation  of  f(z)  Is 


(1* 


(5 


But  the  values  of  z are  measured  in  units  of  standard  deviations; 
therefore,  a equaD.s  one,  and  Equation  5 may  be  written  as  follows: 


(6) 


f(z)  =^e 


In  this  case,  z Is  called  a standardized  variable  and  Is  a dimension- 
less quantity.  The  deviations  from  the  mean  are  said  to  be  expressed  In 
standard  units;  the  standard  deviation  equals  one  and  the  mean  equals 
zero.  Equation  6 represents  the  standard  normal  distribution  (SND)  curve 
as  Illustrated  In  Figure  3. 


Figure  3.  Standard  normal  distribution  (SND)  curve 

T 8 

Some  properties  of  the  SND  curve  are  tabulated  In  statistics  books.  ’ 

For  example!  (a)  For  z equal  to  zero,  the  maximum  ordinate  [f(z)] 
equals  0.3909.  For  z equal  to  3.99»  f(z)  equals  0.0001.  The  minimum 
ordinate  corresponds  to  the  limiting  case,  when  z tends  to  Infinity. 

(b)  For  z equal  to  zero,  the  area  under  the  curve  equals  zero.  For 
z equal  to  3.99,  the  area  under  the  curve  equals  0.5000. 

11.  Ordinates  and  areas  under  the  curve  can  be  taken  from  tables 
for  any  value  of  z , from  0.00  to  3.99.  Due  to  the  symmetry  of  the 

SND  curve,  the  ordinate  values  are  the  same  for  the  corresponding  negative 
abscissas. 

12.  The  data  In  Table  1 for  the  SND  curve  can  be  used  In  the 
application  of  the  normal  curve  to  the  aircraft  traffic  study. 

Application  of  the  QND  and  SND 
curves  to  aircraft  traffic 

13.  The  distribution  of  aircraft  traffic  on  runways  and  taxlways 
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may  be  represented  by  a GND  curve,  where  the  ordinate  represents  the 
frequency  of  the  passes  of  the  aircraft  center  line  at  a certain  distance 
from  the  pavement  center  line.  This  distance  from  the  center  line  Is 
plotted  as  the  abscissa  using  conventional  methods. 

lU.  Obviously,  the  same  curve  also  represents  the  transverse 
variation  In  the  placement  of  the  aircraft  tires  on  the  pavement.  This 
concept  permits  the  presentation  of  two  important  definitions!  wander 
and  coverage, 

a.  Wander  Is  defined  in  Reference  6 as  "the  width  over  which 
*”  the  center  line  of  aircraft  traffic  is  distributed 

75  percent  of  the  time."  Based  on  previous  considerations, 
the  sane  concept  may  be  extended  to  the  center  line  of  one 
tire.  Currently,  a wander  width  of  TO  in.*  Is  used  for 
taxlways  and  the  first  1000  ft  of  each  runway  end.  A 
wander  width  of  1^0  In.  Is  used  for  the  runway  interior. 
These  values  are  based  on  actual  traffic  observations 

Coverage  Is  defined  as  the  application  of  the  maximum 
stress  on  a point  in  a pavement  surface,  Therefore,  when 
a pavement  is  designed  for  a particular  wheel  load,  one 
coverage  1s  being  applied  to  a point  on  the  pavement  each 
time  this  wheel  load  passes  over  that  point.  To  illustrate 
this  concept  with  an  example,  assume  a pavement  will  be 
subjected  to  the  traffic  of  a single-wheel  load  with  tire 
width  W^  . This  pavement  is  divided  transversely  in 
strips,  so  that  one  tire  pass  on  a strip  corresponds  to 
one  coverage  on  that  strip.  Assume  the  traffic  is  applied 
according  to  the  pattern  shown  in  Figure  4,  so  that  In 
100  passes  the  tire  runs  on  the  center  strip  l6  times. 

In  this  situation,  it  can  be  said  that  16  coverages  have 
been  applied  to  the  pavement  and  the  ratio  between  the 
number  of  coverages  and  the  total  number  of  passes  is 


C , 16 
P 100 


o.i6 


or 


C ■ o.i6p 


* A table  of  factors  for  converting  U.  S.  customary  units  of  measure- 
ment to  metric  (SI)  units  is  presented  on  page  3. 
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Figure  li.  Example  of  traffio  distribution  in  test  section 

Based  on  this  example,  it  can  be  concluded  that  every  time 
one  tire  passes  on  a strip,  one  coverage  is  being  applied 
to  that  strip,  and  the  number  of  coverages  on  the  pavement 
computed  for  design  purposes  would  be  the  number  of  cov- 
erages applied  to  that  strip  where  the  maximum  accumulation 
occurs. 

1?.  Now,  assume  that  Figure  5 represents  the  traffio  distribution 
on  a taxiway.  The  ordinates,  f(x)  , represent  the  frequency  of  the 
passes  at  a point  x , or  the  ratio  between  the  number  of  passes  p(x) 
of  a tire  center  line  at  a point  and  the  total  number  of  passes  P on 
the  taxi way.  Then 

f(x)-J2^  (7) 


p(x)  ■ f(x)  X P (8) 

If  f(x)  is  replaced  by  its  value  in  Equation 


TOTAL  NUMBER  PASSES,  P 


p(x)  * ^ 


OR  AIRCRAFT  CENTER  LINE 

Figure  5i  Theoretical  normal  distribution  of  aircraft  traffic 
on  taxiway 


p(x)-^f(z)P  (9) 

16.  The  value  of  p(x)  is  given  in  passes  per  measurement  unit. 

If  the  value  of  x is  measured  in  inches,  will  be  in  inches  and 

p(x)  will  correspond  to  passes  per  inch. 

17,  Now,  a new  curve  can  be  drawn  (Figure  6)  with  the  same  shape 
as  the  curve  in  Figure  5 where  the  ordinates  represent  the  number  of 
passes  per  inch  of  the  tire  center  line  at  a particular  distance  from 
the  mean  value.  Therefore,  at  a distance  equal  to  zero,  the  number  of 
passes  la  represented  by 


p(x^)  - f(x^)P 


(10) 


or 
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' a'-*' 


p(x)  ■ TIRE  CENTER  LINE  PASSES/lN. 
■pCXq) 


■35"  -Wt  0 ^ 35^ 

I 2 2 I 

h< 70" >4 


Lateral  placement  of  aircraft  center  line  or  tire 
CENTER  LINE 

Figure  6.  Traffio  distribution  in  passes  per  measurement  unit 

p(Xo)  (11) 

18.  If  the  tire  width  is  (Figure  6),  then  the  tire  applies 

coverages  on  the  point  x ■ 0 at  every  position  of  its  own  center  line 
within  the  Interval 

2 - * - 2 

So,  the  number  of  coverages  applied  by  one  tire  on  the  point  x ■ 0 is 
given  by  the  expression 


rV" 

I p(x)dx 


-W^/2 


*4(s, , . r 


or  simply 


C » P(X^)W^  (13) 

Replacing  p(x^)  'by  its  value  in  Equations  10  and  11,  then 

C - f(x^)PW.  (IM 

0 t 


and 


C - ^ f(z„)PW.  (15) 

where  C Is  the  number  of  coverages  applied  by  one  tire,  f(8g)  Is  the 
maximum  ordinate  of  the  SND  curve,  Is  the  tire  width,  and  P Is  the 

total  number  of  tire  passes.  The  computation  of  may  be  done  by  use 
of  Eq,uation  2,  as  follows  i 

2 ■ ^ 1 iHi  or  0 ■ ■)i‘" 

°x  * ® 

By  definition,  for  a wander  width  of  70  in.,  75  percent  of  the  passes 

(or  75  percent  of  the  OND  curve  area)  lie  In  the  interval  between 

X ■ -35  In.  and  x ■ 35  In.  (see  Figure  6).  From  Table  1,  75  percent 

of  the  SND  curve  lies  In  the  Interval  between  z ■ -1.15  and  z ■ 1.15 

(see  Figure  7),  and  the  maximum  ordinate  for  z ■ 0 Is  f(z  ) > 0.3989  . 

o 

So  for  this  particular  situation, 

u ■ 0 , x ■ 35  , and  z ■ 1.15 


and  finally 


0 


X 


3.3  - 0 


1.15 


■ 30.1*3  In. 


(16) 
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* Dintance  between  the  center  lines  of  the  main  gears. 


Figure  7.  SND  curve • as  related  to  aircraft  traffic  distribution 

19.  For  a wander  width  of  lUO  In. , 75  percent  of  the  OND  curve 
lies  between  the  values  x ■ -70  and  x ■ 70  in.  Computing  through 
the  sane  prooedurSi  the  value  will  bet 


ro  - 0 


60.87  in. 


Pass-ner-coverage  ratio  for 
single-wheel  aircraft 

20.  When  the  tread*  on  a single-wheel  aircraft  is  large,  the  OND 
curve  of  one  tire  does  not  Influence  the  OND  curve  of  the  other 
(Figure  8),  and  the  maximum  ordinate  p(x^)  for  the  aircraft  as  a 
whole  Is  the  nnme  as  that  for  one  wheel.  According  to  Reference  6,  this 
happens  when  the  tread  equals  100  In.  or  more  for  a wander  equal  to 
70  In.,  or  when  the  tread  equals  200  In.  or  more  for  a wander  equad 
to  lUO  In.  In  this  case,  the  computation  of  the  number  of  coverages  C 


LATERAL  PLACEMENT  OF  WHEEL  CENTER  LINE,  IN. 


Figure  8.  Typical  OND  curve  for  nonoverlapping  tire  prints 

applied  by  a given  number  of  passes  P of  a single-wheel  aircraft  on 
an  airfield  facility  can  be  accomplished  by  use  of  Equation  15  for  any 
value  of  wander. 

21.  The  number  of  coverages  Is  computed  as  follows  for  the  two 
values  of  wander  usually  considered  In  airfield  pavement  design.  For  a 
wander  of  70  In.,  ■ 30.1*3  In.  and  the  number  of  coverages  Is 

C ■ W^P  - 0.0131  W^P*  (18) 


For  a wander  of  1^+0  In 


■ 60.87  In.  and  the  niunher  of  coverages  la 


• » 


= “ V ' «tP 


(19) 


The  pasfl-per-eoverage  ratio  can  also  he  obtained  from  Equations  10  and  I9. 
For  a wander  of  70  in. , the  ratio  is 


P . 1 . 16,3k 

C 0.0131 

For  a wander  of  lliO  in.,  the  ratio  la 


P , 1 153. 8U 

c oTooSTv^ 


(20) 


(21) 


22.  Single-wheel  alrorart  whose  tread  is  smaller  than  the  values 
presented  in  paragraph  20  must  be  treated  in  the  same  manner  as  for  a 
multiple-wheel  gear. 

Pas s-per- cover age  ratio  for 
multiple-wheel  gear  aircraft 

23.  In  computing  the  number  of  coverages  applied  by  passes  of  a 
multiple-wheel  aircraft  on  an  airfield  facility,  all  the  wheels  on  the 
main  gears,  as  well  as  their  arrangements,  must  be  considered.  Usually 
there  1s  overlap  among  the  OND  curves  of  the  several  tires  in  the  same 
assembly. 

2U.  Figure  9 shows  an  e.’Mimple  of  a OND  curve  for  overlapping  tire 
prints  of  a twin-wheel  aircraft.  The  solid  lines  represent  the  individual 
OND  curves  and  the  dashed  lines  represent  the  combined  effect  of  two 
wheels.  When  the  tread  la  small,  the  effects  of  two  gears  could  in- 
fluence each  other. 

25.  In  studying  the  combined  effect  of  the  wheels  on  a multiple- 
wheel  gear  aircraft,  the  individual  curves  can  be  drawn  and  the 
ordinates  added  graphically  in  the  overlapping  areas,  and  the  maximum 
ordinate  of  the  cumulative  curve  obtained. 
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Figure  9.  QND  curve  for  overlapping  tire  prints,  twin  wheels 

26.  As  a practical  rule,  for  multiple-wheel  gears  and  a wander 

of  70  in.,  the  assemblies  will  not  overlap  each  other  when  the  distance 
between  the  center  lines  of  the  inside  wheels  (tread  minus  twin-wheel 
spacing,  for  the  case  of  twin  gears)  is  equal  to  100  in.  or  more.  When 
the  wander  width  is  iHo  in.,  no  overlapping  of  the  gear  is  considered 
if  the  distance  between  the  center  line  of  the  inside  wheels  of  a 

g 

multiple-wheel  gear  is  200  in.  or  more. 

27.  For  tandem  wheels  which  track  each  other,  the  maximum  ordinate 

of  the  cumulative  curve  equals  two  times  the  maximum  ordinate  of  an 

individual  curve,  or  f(x  ) ■ 2f(x  ) . 

oc  o 


28.  The  maximum  ordinate  of  the  cumulative  curve  f(x  ) for  any 

oc 


two  wheels  may  he  obtained  from  Figure  10.  Wheel  arrangements  that  do 
not  follow  the  pattern  of  single,  twin,  and  twln-tandem  must  have  the 
maximum  ordinates  of  their  oumulatlve  curves  determined  from  their 
combined  distribution  curves. 

29.  Figure  11  shows  the  wheel  configurations  for  typical  aircraft 
landing  gears, 

30,  The  computation  of  the  number  of  coverages  C applied  by  a 
given  number  of  passes  of  a multiple-wheel  aircraft  on  a pavement  can 
be  made  by  use  of  Equation  l^t  for  any  value  of  wander  by  replacing 
f(x  ) by  the  value  f(x„^)  taken  from  the  cumulative  curve.  So, 

0 OC  ' 


t tX  in 


31.  The  Individual  curves  that  yield  the  cumulative  curve  are 
computed  by  relating  them  to  the  SND  curve  through  Equation  U,  The 
pass-per-ooverage  ratio  is  then  given  by  the  expression: 


P 

C 


(23) 


Practical  example  of*  paas-ner- 
ooverage  ratio  computation 

32,  Compute  the  paaa-per-coverage  ratio  for  the  Boeing  707-100 
aircraft  on  a taxiway.  Aircraft  data^  are  as  follows: 

Wheel  arrangement:  twlu-tandem  tricycle 

Tire  width  (W^)  « 13.5  in. 

Tread  (Ty)  ■ 265.0  in. 

Twin-wheel  spacing  (S^)  ■ 3^*.0  in. 

Tandem-wheel  spacing  ■ 56.0  in. 

33.  On  a taxiway,  the  wander  width  is  70  in.  The  paaa-per- 
coverage  ratio  la  given  by  Equation  23  as  follows: 


P 

C 


The  ordinates  of  a OND  curve  for  one  wheel  are  given  by  Equation  Ij: 


f(x)  - ^f(z) 

where  • 30. U3  in.  (for  a wander  of  70  In.)  and  f(z)  may  be  taken 
from  Table  1.  Taking  several  values  of  z , the  computationa  may  be 
done  as  in  the  following  tabulation,  for  construction  of  the  OND  curve 
shown  in  Figure  12. 


z 

f(z) 

X ■ z,  in. 

f(x) 

0.00 

0.3909 

0.0 

1.0131 

0.20 

0.3910 

6.1 

0.0128 

0.50 

0.3521 

15.2 

0.0116 

1.00 

0.2U20 

30.14 

0.0080 

1.50 

0.1295 

145.6 

0.00142 

2.00 

0.05J*0 

60.9 

0.0018 

22 


Figure  12.  GND  curve  for  the  Boeing  T07-100 

The  solid  lines  in  P'lgure  12  represent  the  GND  curves  for  Individual 
wheels  and  the  dashed  line  represents  the  cumulative  curve  for  the  front 
or  rear  twin  wheels.  So,  the  I’(Xoq)  value  for  one  gear  Is  2 x 0.0227 
■ O.0U5U  . Since  the  wander  la  70  In.  and  the  distance  Between  the 
cente.-  lines  of  the  inside  wheels  (T^  " greater  than  100  In.  , 

the  cumulative  curves  of  the  two  twln-tandem  gears  do  not  overlap. 
Therefore,  the  maximum  ordinate  for  the  Boeing  707-100  Is  the  same  as 
for  one  gear.  The  value  of  the  maximum  ordinate  of  the  Boeing  707-100 
oro  curve  could  also  be  taken  from  Figure  10.  Using  the  maximum  ordinate 


as  determined  atiove,  the  pass-per-coverage  ratio  can  be  computed  using 
Equation  23, 


C “ O.OJ45i<  X 13.5  " 

Effect  of  Load  Repetitions 

3U.  The  design  thickness  of  a pavement  layer  can  be  represented 
by  the  expression 


t - aT  (alt) 

where  T is  a standard  thickness  for  a particular  aircraft  and  o is 
a factor  that  adjusts  the  thickness  according  to  the  number  of  operations 
or  repetitions  of  that  aircraft  anticipated  during  the  pavement  life. 

The  number  of  operations  or  passes  is  converted  to  coverages  through 
the  procedure  previously  discussed. 

35.  In  the  past,  the  load  repetitions  factor,  a , was  considered 
to  depend  only  upon  the  nuiriber  of  coverages  (C)  and  was  expressed  as 

o - 0.23  log  C + 0.15  (25) 

This  factor  could  be  represented  by  a straight  line  on  a semilog  plot^ 

(as  shown  in  Figure  13).  In  the  above  equation,  if  C equals  5000  cov- 
erages, the  a value  equals  one.  So,  according  to  that  procedure,  for 
5000  coverages  the  design  thickness  Is  equal  to  the  standard  thickness 
for  a particular  aircraft  regardless  of  the  type  of  landing  gear 
assembly. 

36.  Recently,  extensive  experiments  conducted  at  WES  determined 

the  load  repetitions  factor  to  be  dependent  on  the  number  of  coverages 

g in 

and  the  number  of  wheels  on  the  main  landing  gear  assemblies.  ' The 
curves  plotted  in  Figure  ll4,  based  on  results  obtained  in  full-scale 


2U 


repetitions  factor  versus  co’ 


Figure  lU.  Load  repetitions  factor  -versus  correrages  for  various  landing  gear  types 


F ' 


teat  seetlona,  show  no  great  differences  among  the  a values  at  low 
coverage  levels,  But,  for  large  coverage  levels,  the  difference  cannot 
he  neglected.  Therefore,  to  use  Equation  2k,  the  a value  must  he 
tahen  from  Figure  l^i  based  on  the  anticipated  number  of  coverages  and  the 
number  of  tires  used  to  compute  the  ESWL.  The  number  of  tires  used  to 
compute  the  ESVfL  is  that  combination  of  tires  which  gives  the  greatest 
ESWL  (ESWL  will  be  discussed  in  Part  III). 


PART  III:  EFFECT  OF  WHEEL  LOADS  ON  PAVEMENTS 


Deflftotlone  In  Pavement a for  E8WL  Pet ermlnat Iona 

3T.  In  computing  elastic  deflections  in  pavements,  the  CE  uses 
mathematical  expressions  based  on  Bousslnesq's  one-layer  theory.  The 
pavement  and  the  subgrade  together  are  considered  as  a semi-infinite, 
homogeneous , isotropic , and  elastic  medium. 

36.  The  deflections  in  the  subgrade  soil  have  been  computed 
through  the  equatlon"^^ 

(26) 

vhere 

Ajj  ■ the  vertical  deflection  at  a depth  z , in. 
p ■ the  tire  contact  pressure,  psl 
r ■ the  radius  of  the  tire  contact  area.  In. 

E ■ the  modulus  of  elasticity  of  the  subgrade  material,  psl 
F ■ the  deflection  factor  (a  function  of  the  depth  and  the  radial 
distance  to  the  load  center  line) 

39.  The  contact  pressure  is  assumed  to  be  equal  to  the  tire 
Inflation  pressure  and  Independent  of  the  effect  of  the  tire  contact 
or  the  pavement  surface,  The  tire  contact  area  is  considered  to  be 
circular,  so  the  radius  of  the  contact  area  is  given  by  the  expression 


1*0.  Two  coefficients  are  of  particular  importance  in  the  study  of 
deflections  in  earth  masses:  the  modulus  of  elasticity  E and  Poisson's 

ratio  V . 

1*1.  In  Equation  26,  the  modulus  of  elasticity  E is  considered  to 
be  constant  and  equal  to  the  ratio  between  stress  and  strain,  according 
to  Hooke's  law,  although  modern  theories  state  that  the  stress-strain 


'I 


relationship  is  nonlinear  and  dependent  on  the  pressure  applied  to  the 
12 

earth  mass.  According  to  the  definition,  the  greater  the  modulus  of 
elasticity,  the  greater  the  resistance  of  the  material  to  elastic 
deformation,  The  modulus  of  elasticity  of  a semi-infinite  half  space 
In  the  one-leo^er  theory  is  considered  to  be  constant  and  equal  to  the 
modulus  of  the  subgrade  material. 

h2,  Poisson' s ratio  is  mathematically  defined  by  the  equation 


(28) 


where  is  the  transversal  strain  and  is  the  longitudinal  strain. 

This  coefficient  expresses  the  ability  of  a material  to  increase  Its 

transverse  dimensions  when  the  longitudinal  dimensions  deorease  under 

the  effect  of  a compressive  force,  or  decrease  its  transverse  dimensions 

when  the  material  1s  under  the  effect  of  longitudinal  tensile  force.  It 

varies  between  0.0  (for  compressible  materials)  and  0,?  (for  nonoonpres- 

slble  materials).  Unbound  granular  materials  may  be  considered  to  have 

13 

a variation  in  Poisson's  ratio  of  0.2  to  0.?.  The  CE  uses  0.?  as 

Poisson's  ratio  of  earth  materials,  and  this  value  is  incorporated  in 

the  deflection  factor  F in  Equation  26. 

1*3.  In  Equation  26,  the  deflection  factor  F may  be  taken  directly 

from  Figure  15,  prepared  with  Poisson's  ratio  equal  to  0,5. 

1*1*.  As  part  of  an  investigation  of  pressures  and  deflections  In 

homogeneous  soil  masses  at  WES,  Ahlvln  and  Ulery  presented  mathematical 

expressions  from  the  theory  of  elasticity  and  prepared  tables  that 

permit  the  computation  of  theoretical  stresses,  strains,  and  deflections 

under  a circular  load  at  any  place  in  the  earth's  mass,  and  for  any 

] 1* 

value  of  Poisson's  ratio.  ' According  to  Ahlvin  and  Ulery,  the  vertical 
deflection  at  a depth  z Is  given  by  the  expression 

^2  ■ P >*  (zA  + (1  - v)H]  (29) 
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where 


p,  r,  and  £ have  the  same  meaning  as  In  Equation  26 
z ■ depth,  In  radii  of  the  loaded  area 
V “ Poisson’s  ratio 

A and  H ■ tabulated  functions  shown  in  Tables  2 and  3 

The  above  equation  may  be  rearranged  as  shown  below; 

(1  + v)  [zA  + (1  - v)H]  (30) 

And,  finally,  the  equation  becomes 

i,  (31) 


Where 


F ■ (1  + v)  [zA  + (1  - v)H]  (32) 

and  represents  a deflection  factor  that  is  a function  of  Poisson’s 
ratio  of  the  earth  mass.  Equation  32  may  be  written  for  other  values 
of  Poisson's  ratio  as  follows; 

For  u - 0.5,  F ■ 1.5  (zA  + 0.5H) 

O.U,  F - l.k  (zA  + 0.6H) 

0.3,  F - 1.3  (zA  + 0.7H) 

0.2,  F - 1.2  (zA  + 0.8H) 

U6.  Tables  4,  5,  6,  and  7 show  the  values  for  Poisson’s  ratios 
of  0.5,  0.4,  0.3,  and  0.2,  respectively. 

Single-Wheel  Load 

47.  Deflections  of  earth  masses  under  single-wheel  loads  may  be 
easily  computed  by  use  of  either  Equation  26  with  Figure  15  for  Poisson’s 
ratio  equal  to  0.5,  or  Equations  31  and  32  for  any  value  of  Poisson’s 
ratio. 
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1*8.  As  expected,  the  deflection  factors  shown  In  Figure  15  have 
their  maximum  values  at  zero  offset.  The  same  may  be  observed  in 
Tables  2 and  3 for  values  of  A and  H . Consequently,  the  maximum 
vertical  deflection  for  a single-wheel  load  la  at  the  center  of  the 
loaded  area  and  this  deflection  diminishes  with  depth.  Table  6 contains 
the  maximum  deflection  factors  for  a single-wheel  load,  for  v ■ 0.5, 

O.U,  0.3,  and  0.2.  These  values  have  been  computed  by  use  of  Equation  32 
and  Tables  2 and  3 at  zero  offset.  The  maximum  deflection  factors 
fur  single-wheel  loads  and  for  v ■ 0.5  , as  used  by  the  CE,  could  also 
be  obtained  from  Figure  15  at  zero  offset  or  computed  through  the 
expression 


i 
i 

1*9.  Heavy  loads,  such  as  the  loads  transported  by  large  aircraft, 

cannot  be  delivered  to  the  pavement  through  a single  wheel.  Therefore,  | 

multiple-wheel  assemblies  are  used  to  better  distribute  the  loads  on  the  ' 

pavement  surface.  In  order  to  design  for  multiple-wheel  gear  loads,  the  j 

1 ! 

concept  of  an  "equivalent  single-wheel  load"  was  developed.  This  concept 
replaces  in  the  computations  the  effect  of  multiple  wheels  on  the  elastic 
medium  by  the  effect  of  a single  wheel.  The  ESWL  Is  therefore  a fictitious 
load  acting  on  a single  wheel  that  has  the  same  contact  area  as  one  wheel 
of  the  assembly,  and  that  produces  the  same  deflection  as  the  whole  j, 

assembly  at  a given  depth  in  the  earth  mass.  In  other  words,  the  EBWL, 
acting  on  the  pavement  surface,  produces  at  a given  depth  the  same 
deflection  as  the  multiple-wheel  assembly  also  acting  on  the  pavement 
surface. 

50.  In  computing  the  ESVL,  use  Is  made  of  the  principle  of 
1 

superposition,  which  says  that  the  effect  of  the  whole  assembly  at  a 
particular  point  In  the  earth  maes  Is  equal  to  the  summation  of  the 
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effects  of  the  individual  tires  at  that  point.  So,  for  an  n-wheel 
aBBemhly,  the  following  equation  may  "be  written! 


A - A,  + d-  + ...  + d (3U) 

tu  1 e n 

where  A 1b  the  deflection  due  to  the  multiple-wheel  assenibly  at  a 
particular  point,  and  A^  , Ag  , •••  \ effeetB  of  the  several 

tires  of  the  assemhly  on  the  deflection  at  that  point. 

51.  By  combining  Equations  32  and  3U,  the  following  equation  can 
be  written: 

(Fl.Fj,  ...tFj  (35) 

Where  , Pg  , . . . are  the  deflection  factors  due  to  the  several 

tires  of  the  assembly  at  the  point  considered.  Therefore, 

‘m-f  I' 

1 

52.  Equation  36  shows  the  value  of  the  deflection  due  to  the 

multiple-wheel  gear  load  at  a particular  point  beneath  the  assembly. 

But,  in  the  computation  of  the  ESWL  for  pavement  design,  the  maximum 

deflection  beneath  the  assembly,  at  any  depth,  is  needed.  A family  of 

points  that  represent  the  maximum  deflection  factors  for  the  multiple- 

wheel  load  must  therefore  be  found.  If  F,,  represents  the  maximum  value 
n ” 

of  ^ F at  any  depth.  Equation  36  yields: 


if 

5 

I 


where  A|^  is  the  maximum  deflection  due  to  the  multiple-wheel  assembly 
at  any  depth  under  the  load. 

53.  According  to  the  definition  of  EBWL,  the  following  equations 
may  be  written: 
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(38) 


A = 
e 


E 


F 

e 


and 


(39) 


where  A Is  the  maximum  deflection  due  to  the  ESWL,  p is  the  ESWL 
e e 

contact  pressure,  and  la  the  maximum  deflection  factor  due  to  the 
ESV/L.  By  definition,  the  ESWL  la  a single-wheel  load,  so  its  maxlmvun 
deflection  factor  Is  the  same  as  for  a single  wheel.  Values  of  F may 

Q 

be  taken  from  Tables  li,  5,  and  7 for  v ■ 0.5  , 0.1*,  0.3,  and  0,2, 
respectively. 

5I*.  Equations  37,  38,  and  39  combined  yield 


SL 

E 


iko) 


or 


(1*1) 


Since  the  contact  area  of  the  ESWL  is  equal  to  the  contact  area  of  one 
wheel  of  the  assembly,  the  following  equations  may  be  vrritten: 


and 


P A 
*^e  c 


(1*2) 


P 

e 


(1*3) 


55.  Equation  1*3  shows  the  relationship  between  the  ESWL  (P^)  and 
the  load  on  one  tire  of  the  multiple-wheel  assembly  (P)  . The  E3WI,  is 
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not  a constant,  tut  ■varies  with  the  deflection  factor  ratio  ^ . As 

considered  by  the  CE  for  pavement  purposes,  the  deflection  factor  ratio 
and  consequently  the  ESWL  vary  with  depth  only. 


Computation  of  E3WL 


56,  To  compute  the  ESWL  for  a particular  multiple-wheel  assembly, 

the  following  data  must  be  known:  type  of  assembly,  wheel  spacing, 

assembly  load,  tire  contact  area  or  tire  pressure,  and  Poisson's  ratio 
of  the  subgrade  material.  As  mentioned  earlier,  the  CE  uses  a Poisson's 
ratio  of  0.5  for  materials  used  In  conventional  flexible  pavements. 

57.  Equation  U3  shows  the  ESWL  to  be  a function  of  the  load  on  one 
wheel  of  the  assembly  and  the  ratio  of  the  maximum  deflection  factor 
for  the  multiple  wheels  and  the  maximum  deflection  factor  for  the  single 

value  is  easily  obtained,  as  discussed  in  previous 

To  compute  F.,  , the  following  steps  are  taken*. 

M 

Compute  the  maximum  deflection  factors  beneath  one  wheel 
of  the  assembly,  as  follows:  (l)  select  a wheel  and  list 

its  maximum  deflection  factors  (from  Table  8)  for  several 
depths,  and  (2)  determine  the  deflection  factors  for  the 
other  wheels  of  the  assembly  at  their  offset  distances 
(Tables  U,  5,  $»  or  7).  The  summation  of  the  deflection 
factors  thus  obtained,  at  each  depth  considered,  repre- 
sents the  maximum  deflection  factors  beneath  one  wheel 
at  several  depths  and  yields  the  maximum  deflection  factors 
curve  for  one  wheel  of  the  assembly. 

b.  Compute  the  maximum  deflection  factors  beneath  the  critical 
points.  Each  configuration  must  be  analyzed  on  a case-by- 
case  basis.  For  example,  for  a dual -wheel  assembly,  the  i 

critical  point  is  midway  between  the  two  wheels.  Beneath  i 

a twin-tandem,  the  maximum  deflection  migrates  with  depth, 
from  a point  beneath  the  center  of  one  tire  contact  area 
at  the  pavement  surface  to  the  centroid  of  the  assembly 
at  deep  depths . This  migration  follows  a curved  path 
whose  shape  depends  on  the  gear  geometry.  Therefore,  the 
centroid  of  the  assembly  and  a point  where,  according  to 
good  Judgment,  the  flow  path  is  considered  to  be  must  be 
chosen  as  critical  points. 

£_.  The  maximum  deflection  factors  beneath  one  wheel  and 

beneath  the  critical  points  are  plotted  and  the  respective 


wheel.  The 
paragraphs. 

a. 


curves  must  lie  drawn.  The  maximum  deflection  factor 
beneath  one  wheel  is  the  maximum  at  shallow  depths.  At 
deep  depths,  the  value  lies  beneath  the  centroid  of 

the  gear.  Thus,  the  curves  will  intersect  at  some  depth. 
That  portion  of  each  curve  in  the  vicinity  of  this  inter- 
section must  be  Interconnected  by  a smooth  curved  to  repre- 
sent the  maximum  values  at  all  depths  (Figure  l6). 

58,  In  a previous  paragraph,  it  was  stated  that  the  i^SWL  varies 
with  depth.  Therefore,  the  usual  procedure  is  to  compute  the  ESWL  as  a 
percent  of  the  assembly  load  and  then  plot  this  percent  versus  depth 
(Figure  17). 


Example  of  ESVfL  Computation 


59.  Compute  the  ESWL  for  a C-131E  aircraft  which  has  the  following 

15 

characteristics! 

Type  of  assembly!  Twin 
Wheel  spacing!  26  in, 

Assembly  load!  27,000  lb  (1+5  percent  of  the  maximum  gross 
weight ) 

Tire  pressure!  90  pel 

Poisson's  ratio  of  the  subgrade  material!  0.4 

60.  The  following  steps  should  be  followed  in  computing  the  ESWL! 

e^.  Compute  the  load  on  one  tire,  P , Since  the  assembly 
has  twin  wheels, 

P . Assembly,  load  _ 22^0  lb.  . ^3^500 

b.  Determine  the  maximum  deflection  factors  for  a single 
wheel . 

61.  The  maximum  deflection  factors  F^  for  a single  wheel  may 
be  taken  directly  from  Table  8 for  the  value  of  v ■ 0.4  . The  depth 
in  radii  is  converted  to  inches  as  follows! 

a.  Calculate  the  tire  contact  area  A 

c 


A 


c 


P 

P 


13.500 

90 


■ 150  8(1  in. 
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deflection  factors  for  the  C— 131E  aircraft 


£PTH.  IN. 


where 


P ■ load  on  one  tire,  lb 
p ■ tire  pressure,  pal 

b.  The  contact  area  la  considered  to  be  circular  and  the 
radius  of  the  area  is  determined: 


91  In. 


62.  The  values  of  the  maximum  deflection  factors  for  a single 
wheel  and  for  a Poisson's  ratio  of  O.U  are  listed  again  In  Table  9* 

63.  Determine  the  maximum  deflection  factors  for  the  multiple- 
wheel  gear  as  follows: 

a.  The  maximum  deflection  factors  beneath  one  wheel  of  the 
assembly  must  be  determined.  Por  the  twin  assembly,  the 
maxlmxan  deflection  factor  directly  under  one  wheel  Is  the 
summation  of  the  effects  of  both  wheels  at  the  center  line 
of  one  of  them.  In  other  words,  the  maximum  deflection 
beneath  one  wheel  Is  equal  to  the  maxlmiun  deflection  under 
a single  wheel,  plus  the  deflection  produced  under  that 
wheel  by  the  other  wheel.  The  maximum  deflection  factors 
beneath  a single  wheel  may  be  taken  directly  from  Table  8, 
The  distance  between  the  two  wheels  is  26  In.,  or 
3.76  radii.  Therefore,  the  deflection  factors  at  the 
offset  distance  of  the  other  wheel  may  be  taken  from 
Table  5,  through  a linear  Interpolation,  for  an  offset 
distance  equal  to  3.76  radii.  These  values  are  shown  in 
Table  10. 

The  maximum  deflection  factors  midway  between  the  two 
wheels  of  the  twin  assembly  must  now  be  found.  This 
point  corresponds  to  an  offset  distance  of  1.88  radii 
'rom  each  wheel.  These  factors  are  shown  In  Table  11. 

c_.  Curves  can  be  drawn  (Figure  I6)  using  the  values  of  ^ 
computed  beneath  one  wheel  and  beneath  the  centroid  or 
the  assembly.  These  two  curves  are  then  connected  by 
drawing  a smooth  curve  at  the  point  of  Intersection  of 
the  two  curves.  This  combined  curve  represents  the 
maximum  deflection  factors  under  the  C-131E  aircraft. 

61*.  The  ESWL  can  now  be  computed  using  the  deflection  factors 
taken  from  the  maximum  deflection  factor  ctirve  (see  Table  12).  A 
curve  of  the  ESWL  In  percent  of  assembly  load  can  now  be  constructed, 
as  presented  In  Figure  17. 
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PART  IV:  CONSTRUCTION  OF  CBR  DESIGN  CURVES 
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CBR  Equation  j 

63 > The  purpose  of  a pavement  Is  to  protect  the  BUhgrade  from  | 

shear  failure  due  to  the  loads  applied  at  the  pavement  surface.  These 
loads  are  applied  through  tires  to  the  pavement , which  spreads  the 
stresses  to  the  point  where  they  do  not  exceed  the  strengths  of  the 
various  pavement  layers  or  the  suhgrade.  Therefore,  data  such  as 
magnitude  of  load,  tire  arrangement,  the  number  of  repetitions,  and 
the  soil  strength  are  of  primary  Importance  for  pavement  design. 

66.  The  CE  uses  CBR  as  a measure  of  soil  strength.  It  Is  obtained 
by  use  of  a standardised  test  method  that  gives  an  Indication  of  the 
resistance  of  a soil  to  the  penetration  of  a piston  having  an  end  area 

h 16 

of  3 B(i  In.  The  CBR  is  a percentage  of  a standard  resistance  * but 
Is  presented  as  a dimensionless  index  number. 

67.  In  Part  II  of  this  report  It  was  shown  that  the  design  thick- 
ness of  a pavement  was  equal  to  a standard  thickness,  T , corrected  by 
a load  repetitions  factor,  a . In  recent  years,  this  standard  thick- 
ness has  been  computed  using  the  following  CBR  equation,  which  was 
adequate  for  low  strengths  but  which  had  to  be  modified  in  the  high 
strength  range  for  pavement  stability  and  longevity, 

.1  CBR  ^ 

In  this  equation,  T is  the  thickness  In  Inches}  P Is  measured  In 
pounds  and  represents  the  tire  load  for  a single-wheel  gear,  or  the  ESWL 
for  multiple-wheel  loads}  and  is  the  tire  contact  area  In  square 
Inches,  usually  considered  equal  to  the  quotient  of  the  tire  load  and 
the  tire  pressure. 

68.  This  equation  was  developed  primarily  from  performance  data 
but  makes  some  use  of  theoretical  concepts.  It  was  developed  from  actual 
data  taken  from  test  sections  and  airfields  In  use,  with  some  considera- 
tion of  the  pattern  of  Btresses  under  a uniform  circular  load  In  a 


1*0 


homogeneous,  isotropic,  and  elastic  half  space.  The  mathematical 
developments  leading  to  the  CBR  equation  may  he  found  in  Reference  2. 

69.  Equation  hk  can  also  be  vritten  as  follows: 


T 


(45) 


where  p Is  the  average  tire  contact  pressure  in  psi.  And,  finally, 

T CBR 

Equation  45  may  he  expressed  In  terms  of  two  pareuneters,  and 

as  follows ! ° 


I 


The  above  parameters  can  be  plotted  as  a combined  CBR  curve  as  shown  in 
Figure  18. 

T 

70,  An  analysis  of  Equation  46  shows  the  parameter  to  have 

real  values  in  the  interval  ° 


0 < 


CBR  < 
P " 


0.39 


CBR  T 

71.  For  the  upper  values  of  , the  value  of  approaches 

zero,  which  indicates  that  the  underlying  layer  is  sufficiently  strong 

2 

arid  does  not  need  a pavement  layer  to  protect  it.  However,  In  practice, 

a minimum  thickness  of  pavement  is  required  to  provide  a wearing  surface 

and  durability.  The  CBR  curve  can  be  adjusted  to  Incorporate  these 

minimum  thickness  requirements.^ 

CBR  T 

72.  Recently,  a new  — versus  relation  was  developed  using 

P 

data  from  extensive  tests  conducted  at  WES  with  multiple-wheel  heavy 

gear  loads as  well  as  data  from  earlier  test  sections.^  The  new 

curve  (Figure  19)  coincides  with  the  curve  shown  in  Figure  18  for  the 
CBR 

lower  values  of  . The  statistical  equation  of  the  best-fit  curve, 

P CBR  T 

in  terms  of  the  same  parameters  and  , is: 


T 

w:’ 


[-0. 


0U8l  - 1.562  (log  ~)  - 0.61*lJ*  (log  5M) 


- O.U730  (log 


(U7) 


Both  Equation  1»7  and  the  curve  In  Figure  19  can  he  used  to  compute  the 

pavement  thickness  for  any  value  of  CBB.  No  adjustment  of  this  curve 

CBH 

is  required  for  the  higher  values  of  . 

P 

73.  Equations  and  1*5 1 as  well  as  the  curve  In  Figure  I8,  may 
still  be  used  In  computing  pavement  thickness  on  subgrades  with  CBR 
values  up  to  about  12-15. 

7^.  The  computation  of  pavement  thickness  for  single-wheel  loads 
may  be  done  by  direct  use  of  the  above  methodology.  The  computation  of 
pavement  thickness  for  multiple-wheel  loads  may  be  aocompllohed  In  a 
manner  similar  to  that  for  single-wheel  loads,  but  since  the  ESVL  does 
not  have  a fixed  value  and  Instead  varies  with  depth,  the  value  to  be 
used  in  the  CBB  equation  must  be  determined  for  the  pavement  thickness. 
Two  situations  are  normally  considered  in  determining  the  CBR/thlokness 
relationship  as  follows: 

8^.  When  the  CBR  of  the  underlying  layer  is  known,  the  thick- 
ness of  pavement  is  computed.  For  single  wheels,  this  can 
be  accomplished  directly  through  use  of  the  equations. 
However,  for  multiple-wheel  loads  an  iterative  procedure 
is  required.  In  this  procedure,  a thickness  is  assumed 
and  the  corresponding  ESWL  and  tire  pressure  are  computed. 
Then,  by  use  of  Figure  19,  a value  of  thickness  can  be 
computed.  This  result  is  then  compared  with  the  assumed 
value.  If  they  are  not  sufficiently  close,  a new  thickness 
is  assumed,  close  to  the  computed  thickness,  and  the  calcu- 
lations repeated.  When  the  assumed  and  confuted  values 
are  sufficiently  close,  the  CBR  equation  or  Its  curve  and 
EBWL  have  been  properly  used. 

b.  When  the  thickness  is  fixed  and  the  CBR  is  desired,  the 
ESWL  at  fie  fixed  depth  can  be  computed  and  no  trlal-and- 
error  procedure  Is  Involved  In  the  use  of  the  CBR  equation 
or  Its  curve. 


CBR  Design  Cvirvea  for  Aircraft 
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75.  A set  of  design  curves  may  be  constructed  based  upon  the 
procedures  presented  above,  by  repeating  the  calculations  for  various 
loads,  traffic  levels,  or  thicknesses.  The  calculations  may  be  made 
simpler  when  numerous  valiies  are  needed  by  assuming  the  pavement  thick- 
nesses and  calculating  the  CBR  required.  This  eliminates  the  trial- 
and-error  procedures.  Part  V of  this  report  has  been  prepared  in  order 
to  Illustrate  the  development  of  a set  of  design  curves  through  applica- 
tion of  the  entire  procedure  presented  herein. 


PABT  V:  COMPLETE  EXAMPLE  OP  THE  CONSTRUCTION 

OF  CBR  DESIGN  CURVES  FOR  AIRFIELDS 


Intro duot Ion 

T6.  ThlB  part  was  prepared  In  order  to  show  a complete  example  of 
the  development  of  CBR  design  curves  for  flexible  pavements.  This 
example  will  be  for  the  C-ll*lA  aircraft,  which  Is  currently  used  by 
the  Air  Force  for  the  design  of  medium-load  airfields. 


Example  Problem 


77,  Assume  a set  of  design  curves  for  taxlways  1s  desired  for 
10,000,  30,000,  and  100,000  passes  of  the  C-llilA  aircraft  having  the 

I 

following  oharacterlstioss  i | 

Oear  configurations  Twin-tandem  tricycle  (Figwe  20) 

Wheel  spacings  32.5  by  U8.0  in. 

Tread  (T^):  210  in. 

Tire  width  (W^)s  12.6  In. 

Tire  contact  area  (A  )s  208  sq  in, 

C 

Maximum  takeoff  weights  320.0  kips 
Poisson's  ratio  is  assumed  to  be  0.3. 

78,  The  solution  of  this  problem  may  be  divided  into  three  partes 
(a)  computation  of  the  pass-per-coverage  ratio,  (b)  computation  of  the 

ESWL,  and  (c)  computation  of  thickness  requirements. 

' 

Cosstputatlon  of  pass-per- 
coverage  ratio 

79,  Since  the  main  gear  is  a twin-tandem  arrangement,  the  pass-per- 
coverage  ratio  is  given  by  Equation  23s 


where  f(x  ) 
oc 

curve  and 


p - _i_ 

c fix  nr 

oc  t 

is  the  maximum  ordinate  of  the  cumulative  distribution 
is  the  tire  width. 


Figure  20,  C-litlA  landing  gear  configuration 

80.  A twln-tandem  aasenibly  Is  composed  of  two  twin  wheels  in 
tandem,  having  the  same  wheel  path  and  producing  identical  cumulative 
distribution  curves.  Therefore,  the  ordinates  of  a twin-tandem  cumula- 
tive distribution  curve  equal  two  times  the  corresponding  ordinates  of 
the  cumulative  curve  of  one  of  the  twins.  The  cumulative  curve  of  a 
twin  is  obtained  by  graphical  addition  of  the  overlapping  ordinates  of 
two  adjacent  ONb  curves  for  one  wheel,  separated  by  a distance  equal  to 
the  wheel  spacing. 

81.  The  ordinates  of  a QND  curve  of  one  wheel  are  given  by 
Equation  1*. 

f(x)  « ^ f(z) 

According  to  Equation  l6,  for  a wander  width  equal  to  70  in.,  used 
currently  for  taxlways,  equals  30.1(3  in.  The  values  of  z and 

) 
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f(z)  may  be  taken  from  Table  1.  Table  13  may  then  be  prepared  for  the 
oonatructlon  of  the  OND  curve  for  one  vheel. 

8S,  Using  the  values  in  Table  13 • tvo  equal  curves  can  be  drawn 
(Figure  21)  32.5  in.  apart  to  represent  the  effect  of  the  front  or  rear 
twin  wheels.  Each  solid  line  represents  one  wheel.  The  dashed  line 
represents  the  cumulative  curve  for  the  two  wheels.  The  cumulative  val^Ue 
of  the  ordinates  for  the  twin-tandem  is  double  the  value  of  the  dashed 
line.  So, 

f(x  ) ■ 2 X 0.0231  ■ 0.01*62 
00 

83.  Since  the  wander  is  70  In.  and  the  spacing  between  the  center 

lines  of  inside  wheels  (T^  **  greater  than  100  in.,  the  cumulative 

curves  of  one  twin-tandem  gear  will  have  no  influence  on  the  other. 

Therefore,  the  maximum  ordinate  for  the  C-ll*lA  aircraft  is  f(x  ) • 

00 

0.01*62  . 

61*.  The  maximum  ordinate  could  also  be  found  in  a simple  manner  by 
use  of  the  chart  in  Figure  10,  without  need  of  constructing  the  OND 
curves , 

85.  With  the  known  values  of  f(x__)  and  W.  , the  pass-per- 

00  t 

coverage  ratio  can  be  computed,  as  follows; 


86.  The  ESWL  is  computed  through  Equation  1*3: 


where  P is  the  load  on  one  wheel  of  the  assembly.  F^  is  the  maximum 
deflection  factor  for  the  multiple-wheel  assembly,  and  F is  the  single- 
wheel  maximum  deflection  factor.  This  example  will  be  for  one  main 
landing  gear  consisting  of  four  tires. 


a.  Determine  the  load  on  one  vheel  (?) , The  load  on  one 
main  gear  of  the  C-141A  la  considered  equal  to  1*5  percent 
of  the  aircraft  gross  weight.  Since  the  assemhljr  has  four 
tires,  P may  be  computed  as  shown  belows 

p ■ ^ X 0.1+5  X 320,000  - 36,000  lb 


b.  Determine  alngle~vheel  deflection  factors.  The  ESWL  la, 

*”  by  definition,  a single-wheel  load;  therefore,  the  maximum 
deflection  factors  for  a single  wheel  (F^)  may  be  taken 
from  Table  8 for  v ■ 0.5.  Since  the  tire  contact  area  la 
considered  circular,  the  radius  Isi 


The  Fg  values  for  various  depths  token  from  Table  8 
relate  to  depth  as  shown  In  Table  ll+. 

0,.  Determine  maximum  multiple-wheel  deflection  factors. 

(1)  The  first  step  In  determining  the  maximum  deflection 
factors  for  a multiple-wheel  assembly  is  to  compute 
the  deflection  factors  beneath  one  wheel  of  the 
assembly  (point  1,  Figure  22).  For  a twln-tandem 
gear,  the  maximum  deflection  factors  beneath  one 
wheel  are  the  summation  of  the  maximum  deflection 
factors  produced  by  one  wheel  (zero  offset)  plus  the 
deflection  factors  produced  by  the  other  wheels  at 
their  offset  distances. 

(2)  The  maximum  deflection  factors  beneath  one  wheel  at 
zero  offset  may  be  taken  from  Table  8.  The  maximum 
deflection  factors  at  the  offset  distances  of  the 
other  wheels  may  be  taken  from  Table  1+,  by  linear 
interpolation.  For  the  offset  distances  of  32.5  in. 
or  3.99  radii,  h8.0  In.  or  5.90  radii,  and  1+7.96  In. 
or  7.12  radii,  the  deflection  factors  will  be  as  shown 
In  Table  15. 
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(4)  The  two  points  considered  above  are  the  easiest  to 
Identify  as  critical  points  under  any  kind  of  gear. 

It  Is  known  that,  under  a tvln-tandem  assembly,  the 
maximum  deflection  factors  migrate  with  depth,  throvigh 
a curve  starting  Just  beneath  the  center  of  one  wheel 
and  ending  beneath  the  centroid  of  the  assembly.  This 
path  varies  according  to  the  gear  geometry,  and  there 
is  no  practical  way  to  identify  it.  Therefore,  a third 
point  Is  selected  arbitrarily,  where  the  migration  path 
is  more  likely  to  be.  This  third  point  helps  to  con- 
struct the  final  maximvun  deflection  curves,  given 
basically  by  the  first  two  curves.  It  may  be  necessary 
at  times  to  select  more  than  three  points  to  fully 
define  the  maximum  deflection  curve. 

{3)  Select  an  Intermediate  point  (point  3 In  Figure  22) 
whose  offset  distances  to  the  four  wheels  are  1^  In. 
or  1.72  radii,  21  in.  or  2.58  radii,  1+3  In.  or  5.28 
radii,  and  1+6  in.  or  5.61  radii.  Table  IT  shows  the 
deflection  factors  for  this  point . 

(6)  The  next  step  is  to  draw  the  deflection  factor  curves 
corresponding  to  the  critical  points  studied  (Figure  22). 
As  can  be  seen,  at  shallow  depths  the  deflection  factors 
are  maximum  at  point  1.  At  deep  depths,  the  maximum 
deflection  factors  occur  at  point  2.  At  intermediate 
depths,  the  maximum  deflection  factors  occur  at  point  3, 
which  assists  in  construction  of  a dashed  curve  that 
provides  a transition  between  the  other  curves.  The 
combined  curve  represents  the  maximum  deflection 
factors  beneath  the  assembly.  With  values  taken  from 
this  curve,  the  ESVfL  corresponding  to  various  depths 
can  be  computed. 

(T)  The  ESWL  is  usually  computed  in  percent  of  the  assembly 
load.  Table  18  can  help  in  the  computations.  Using 
these  values,  a curve  of  the  ESVn:.  in  percent  of  the 
assembly  load  versus  depth  can  be  constructed,  as  shown 
in  Figure  23. 

(8)  This  procedure  may  be  followed  for  other  groupings  of 
tires  to  lns\ire  that  the  maximum  E3WL  has  been  obtained. 


t Determination  of  CBR/thlckness 

; requirements  \ 

s 87.  The  CBR  versus  thickness  curves  may  be  developed  for  any  I 

' loading  condition.  This  example  is  for  the  C-ll+lA  and  the  calculations 

herein  are  for  a 320,000-lb  gross  weight.  The  calculation  of  the  CBR-  1 

I 

thickness  relationships  may  be  accomplished  by  hand  calculations  or  by  } 

computer.  Both  methods  will  be  presented  In  this  report.  Appendix  A 1 
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contains  the  procedures  for  determining  thiokness  requirements  using  the 

comput.-r  program!  This  portion  of  the  report  vill  present  the  hand  method 

of  calculation,  which  follows  several  distinct  steps.  These  steps  are 

illustrated  in  Tables  19,  20,  and  21,  which  present  calculations  for 

10,000,  ^0,000,  and  100,000  passes. 

a_.  Sten  1.  The  initial  step  in  the  procedure  is  to  assume  a 
series  of  thicknesses  for  which  it  is  desired  to  calculate 
the  corresponding  GBR  values. 

b.  Step  2.  The  second  step  la  to  convert  the  thicknesses 
” assumed  above  for  particular  pass  levels  to  standard  thick- 
nesses using  the  load  repetition  factors  (a)  from 
Figure  lU.  This  figure  is  presented  in  terms  of  coverages s 
therefore,  the  number  of  passes  must  be  converted  to  cov- 
erages using  the  pass-per-coverage  ratio  of  1.72  calculated 
previously  for  the  C-141A.  The  10,000  passes  convert  to 
5,8iI*  coverages  and  yield  an  a of  0.791,  the  50,000  passes 
convert  to  29,069  coverages  and  yield  an  a of  0.87,  and 
the  100,000  passes  convert  to  58,11*0  coverages  and  yield  an 
a of  0.90. 

£.  Step  3.  The  standard  thicknesses  are  divided  by  the  square 

""  T 

root  of  the  contact  area.  The  values  are  then  used 

GBR 

to  enter  Figure  I9  and  corresponding  values  of  are 
determined.  ^e 

Step  1*.  Determine  the  ESWL  at  the  aasumed  depths  using 

values  of  ESWL  as  a percent  of  the  assembly  load  obtained 

from  Figure  23.  Divide  the  ESWL  by  the  contact  area  of 

one  tire  to  obtain  the  ESWL  tire  pressure  (p  ) . 

CBR  ^ 

Step  5^  The  — values  are  then  multiplied  by  the  cor- 

responding  p values  to  obtain  the  CBR  required  below 
the  aeeumed  tRlcknesn. 

88.  This  procedure  is  repeated  for  each  desired  load  or  pass  level. 
The  final  CBR  versus  thickness  curves  can  now  be  plotted  for  each  pass 
level  as  in  Figure  2U, 
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f(z) 

Area  Under  the  Curve 
uercent 

0.00 
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0.00 

0.20 

0.3910 

7.93 

0.50 

0.3521 

19.15 

1.00 

0.2420 

34.13 

1.15 

0.2059 

37.49 

1.50 

0.1295 

43.32 

2.00 

0.0540 
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Table  8 


Meudmum  Deflection  Factors  for  Single  Wheels 


1.500 

1.1*93 

i.i*n 

1.1*37 

1.393 

1.31*2 

1.286 

1.229 

1.171 

1.115 

1.061 

0.960 

0.832 

0.671 

0.557 

0.1*71* 

0.361* 

0.291* 

0.21*7 

0.212 

0.186 

0.166 


Maxlmim  Deflection  Faetors 
V ■ 0.1*  V ■ 0.3 


1.680 
1 .61*6 
1.602 
1.51*9 
1.1*89 
1.1*25 

1.359 

1.293 

1.228 

1.165 

1.106 

0.998 

0.861 

0.692 

O.57I* 

0.1*88 

0.371* 

0.302 

0.253 

0.218 

0.191 

0.170 


1.820 

1.761* 

1.701 

1.632 

1.559 

1.1*81* 

1.1*09 

1.336 

1.265 

1.198 

1.135 

1.021 

0.879 

O.70I* 

0.583 

0.1*96 

0.379 

0.306 

0.257 

0.221 

O.I9I* 

0.172 


1.920 

1.81*6 

1.767 

1.685 

1.602 

1.518 

1.1*37 

1.358 

1.283 

1.213 

1.11*7 

1.029 

0.881* 

0.707 

0.581* 

0.1*96 

0.380 

0.307 

0.257 

0.221 

O.I9I* 

0.172 


Table  11 


Multiple-Wheel  Deflection  Factors  Under  Center  of  Gravity 


Deflection  Factors 

Single  Wheel,  F^ 

Multiple  Wheel,  Fj^ 

Depth 

1.88-radli 

Center  of 

radii 

In. 

offset 

assembly 

-(-D-. 

JlL 

(3) 

(1*)  - 2 X (1)._ 

0.0 

0.00 

0.510 

1.020 

0.1 

0.69 

0.509 

1,018 

0.2 

1.38 

0.507 

l.Oll* 

0.5 

3.1*6 

0.505 

1,010 

1.0 

6.91 

0.1*96 

0.992 

1.5 

10.37 

0.1*72 

0.91*1* 

2.0 

13.82 

0.1*  1*1 

0.882 

3.0 

20.73 

0.373 

0.71*6 

U.o 

27.61* 

0.315 

0.630 

5.0 

31*.  55 

0.268 

0.536 

6.0 

1*1. 1*6 

0.232 

0.1*  6U 

7.0 

1*8.37 

0.201* 

0.1*08 

8.0 

55.28 

0.181 

0.362 

9.0 

62.19 

0.163 

0.326 
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ESWL  Calciilations 
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Table  15 


Deflection  Factora  Beneath  One  Wheel  for  Twin-Tandem  Gear 


Deflection  Factors  at  Indl- 
Depth  cated  Offset  for  Single  Wheel 

0.00  3.99  5.90  7.12 


radii 

in,. 

radii 

0.0 

0.00 

1.500 

0.1 

0.81 

1.1*93 

0.2 

1.63 

1.1*71 

0.5 

1+.07 

1.31*2 

1.0 

8.1I* 

1.061 

1.5 

12.21 

0.832 

2.0 

16.28 

0.671 

3.0 

2l*.l*2 

0.1*71* 

1*.0 

32.56 

0.361* 

5.0 

1*0.70 

0.291* 

6.0 

1*8.81* 

0.2l*7 

7.0 

56.98 

0.212 

8.0 

65.12 

0.186 

9.0 

73.26 

0.166 

radii  radii  radii 


0.190 

0.128 

0.105 

0.190 

0.128 

0.105 

0.190 

0.128 

0.105 

0.192 

0.129 

0.106 

0.195 

0.130 

0.107 

0.200 

0.132 

0,108 

O.20I* 

O.I3I* 

0.109 

0.206 

0.138 

0.112 

0.199 

0.139 

O.lll* 

0.188 

0.137 

0.115 

0.175 

0.135 

O.lll* 

0.162 

0.130 

0.112 

0.150 

0.121* 

0.109 

0.139 

0.118 

0.106 

Multlple-vnieel 
Deflection  Factors  Belov 
One  Wheel  (Point  l) 

1.923 

1.916 

1.891+ 

1.769 

1.1*93 

1.272 

1.118 

0.930 

0.816 

O.73I* 

0.671 

0.616 

0.569 

0.529 


Table  19 


for  10.000  PasBes 


CBR 

SSVL 

Pe 

lb 

CBR 

o.ki6 

1*6,368 

222.92 

92.73 

0.259 

1+7,808 

229.85 

59.53 

0.113 

52,128 

250.62 

28.32 

0.06l 

58,176 

279.69 

17.06 

0.0361 

65,957 

317.08 

11.1*5 

O.02I4 

7l*,8fc; 

360,00 

8.61* 

0.0171 

83,232 

1*00.15 

6.81* 

0.0098 

98,1*96 

H73.5I* 

1+.66 

0.0063 

110,592 

531.69 

3.35 

O.OOUl* 

117,61*8 

565.62 

2.1*9 

0.0032 

122,976 

591.23 

1.92 

S 

i: 


CBR 

Pa 

ESWL 

lb 

Pe 

CBR 

0. 1+1*1 

1*6,368 

222.92 

98.30 

0.283 

1*7,808 

229.85 

65.01* 

0.129 

52,128 

250.62 

32.33 

0.0722 

58,176 

279.69 

20.19 

O.OI+3 

65,952 

317.08 

13.63 

0.0285 

71*  ,880 

360.00 

10.26 

O.O20I* 

83,232 

1*00.15 

8.16 

0.0118 

98,1*96 

U73.5I* 

5.56 

0.0076 

110,592 

531.69 

1+.05 

0.0053 

117,61*8 

565.62 

3.00 

o.ooi+o 

122,976 

591.23 

2.36 

I Tatle  21 

I 

^ Thlckneas/CBR  Requirements  for  100.000  PasBea 


Load 

Repetition 

Factor 

(a) 

Standard 

Thicknees 

in. 

(T) 

T 

CBR 

Pe 

ESVL 

lb 

Pe 

CBR 

3 

0. 

90 

3.33 

. 

0.231 

0.U5 

1*6,368 

222.92 

99.2 

5 

5.56 

0.385 

0.290 

1*7,808 

229. 65 

66.66 

10 

11.11 

0.771 

0.135 

52,128 

250.62 

33.83 

15 

16.66 

1.156 

0.076 

58,176 

279.69 

21.26 

20 

22.22 

1.5J+1 

O.0U55 

65,952 

317.08 

ll*.l*3 

25 

27.78 

1.926 

O.030I* 

7l<  ,880 

360.00 

IO.9I4 

30 

33.33 

2.312 

0.0219 

83,232 

1*00.15 

8.76 

liO 

UU.liU 

3.082 

0.0126 

98,1*96 

1*73.51* 

5.97 

50 

55.56 

3.853 

0.0082 

110,592 

531.69 

1*.33 

60 

66.67 

k.623 

0.0057 

117,61*8 

565.62 

3.22 

70 

77.78 

5.39U 

O.OOU2 

122,976 

591.23 

2.50 

APPENDIX  A:  COMPUTER  DETERMINATION  OF 

CBR/THICKNESS  REQUIREMENTS 


The  procedure  for  calculating  CBR/thickness  design  curves  has  been 
computerized  with  the  exception  of  the  pas s-per- coverage  ratios . This 
appendix  presents  an  input  guide,  an  input  file,  a problem  output,  and 
a program  listing  for  this  procedure.  The  problem  output  is  for  the 
C-i4ia  aircraft  as  presented  in  the  example  in  Part  V of  the  main  text. 
The  basic  data  for  the  problem  are: 

Aircraft  gross  weight  ■ 320,000  lb 


Tire  contact  area 
Tire  pressure 

Number  of  wheels  under  consideration 
Tire  spacing 


320,000  lb 
206  SQ  in. 
173  psl 
1* 

32.5  In.  by 
(Figure  Al; 


1*8  in. 


Other  required  data  are: 
Pass  levels  ■ 


Hadll 


Pass  levels  ■ 1-7  pass  levels  as  selected.  Three  pass  levels 
of  10,000,  50,000,  and  100,000  were  selected  for 
this  example. 

Alpha  values  ■ 1-7  alpha  values  corresponding  to  the  selected 
pass  levels  are  obtained  from  Figure  ll*  of  the 
main  text.  Alpha  values  for  this  example  are 
0.798,  0.87,  and  0.90. 

Radii  ■ The  radius  of  the  tire  contact  area,  assuming 
the  area  to  be  a circle.  For  this  example, 

Orld  location  and  dimensions  ■ The  grid  is  used  in  the  search 
for  the  position  of  maximum  deflection  for  ESWL 
calculations.  Location  of  the  grid  may  be  a 
trlal-and-error  procedure  for  a particular  gear, 
although,  with  experience,  this  location  can  be 
determined  by  good  engineering  Judgment.  The 
values  of  OX  and  OY  represent  the  X-Y  origin 
of  the  grid,  DOX  and  DOY  the  distance  between 
grid  lines,  and  XK  and  YK  the  number  of  grid 
lines  in  each  direction.  The  grid  used  in  the 
sample  problem  is  shown  in  Figure  Al.  Normally, 
the  dimensions  between  grid  lines  should  be  in 
the  order  of  1/2  radii. 


"SpPRI 


Depth  for  solution  = Maximiun  of  8 and  minimum  of  2 depths. 

Input  by  the  number  of  depths  (ZK)  and  incre- 
ment (DZ)  between  depths. 


Input  Guide 


Read  Number  of  Wheels. 

Line  100  NW 

Read  in  X-Coordlnates. 

Line  no  X(i),  1 ■ 1,  NW 
Read  In  Y-Coordlnates. 

Line  120  Y(l),  1 « 1,  NW 

Note:  If  NW  > 8,  then  8 coordinates  are  the  maximum  allowed  on  one  data 

line. 

Read  Grid  Displacement,  Increment,  and  Siae  for  X Axis,  then  Y Axis. 
Line  150  GX,  DGX,  XK,  GY,  DOY,  YK 

Read  Number  of  Depths  and  Depth  Increment , 

Line  160  ZK,  DZ 

Read  Number  of  Maximum  Ordered  Displacements  per  Depth. 

Line  170  KKZ 

Read  Number  of  Sets  of  Pressures,  Radii,  and  Passes. 

Line  180  IPR 


Read  Equivalent  Single-Wheel  Radius  and  Pressure. 

Line  190  RESW,  PliSW 

Read  Number  of  Pass  Levels  and  Alpha  Values. 

Lino  200  NAL 

Read  Passes, 

Line  210  NCC(l),  1-1,  NAL 
Read  Alpha  Values. 

Line  220  B(i),  1 - 1,  NAL 

Read  Contact  Area. 

Line  230  CAREA 

If  anothei-  problem  desired,  return  to  first  input,  line  100,  and 
repeat  steps  through  line  230.  Begin  next  problem  with  a line 
number  greater  than  230.  The  program  has  no  restrictions  as  to 
how  many  problems  may  be  attempted  in  one  run. 


A3 


Program  Output 

B'lJM  CiTftP 

epauNn  FLOTATinM  dfsign  ppdgppm  penults 


1 C-UlPt  ftlPCPflPT  r'E'IGN 
MUMPEP  OF  l.ilHEEL>i  < MAXIMUM 
4 

:;  coaPHitHFiTEJ  OF  mheels 

I'll  5c'i?'0  ?c'.5ij  0« 

V CDOPTiIMFiTES  OF  I.IHEEL? 

Cl.  Cl,  4S.  Cl  Cl  4S.  Cl  Cl 

L.OCi  OF  iJPtnGPP  INCPT  .HO,  OF  LlHi ‘MPK ' 1 0<  • , 

Cl.  4.i:iiir  5.0 Cl  0.  t-.oo  citr.'..  j.  I 

HUM  PEP  OF  HEP.  ''MRM  Opi  ftMIi  PEP.  THCPEMEHT 
1:1 . 0 0 £' . 0 0 

PESIPEP  HO.  OF  OPP.  PISPLCMT-C:  PEPPEP.  •Mi^X.  Cii-. 


, C l C s I I / V T 


HO.  OF  ■‘i.ETi  OF  PPEiS.*  PFlp.  • «HP  COV.  TO  FOLLOU 

i 

PEFEPEHCE  PFlI'IUr  FiHP  PPE'*iUPE 

o.is  irs.oo 

PPEiiJUPE'i' 

1 7 S . 0 0 17-1.  Cl 0 173.  0 II  173.  0 0 

FFiPl! 

«!.13,  Cri.i:-!  19.13  S.13 

PftS  • F S 

I 00  00  f.  0 Cl  Cl  0 1 0 0 0 00 

WUPHFl  VPLUF1  MPS'f?' 

0.7 '3?  0,i:i70  0.300 

CClHTFiCT  PPES 
£03. 00 


OPP 

I'fP 

CPP 

-T- 

e:ml 

ps; :e; 

PO'iEC 

ppi-e: 

PEPTH 

POUHP ■ 

1 0 f 1 0 0 

5rii;ioo 

1 0 Oil  00 

IH. 

4C-.0  31  . 

£'94.  :■!  ? 

£;'94 . 3 -I 

£'94.  3:-i 

0. 

4i!i.;i4i:'. 

1£;5.'?5 

1 -I?.  17 

1 35.35 

£.  OH 

47S4H.. 

71.71 

77.73 

30.  93 

J . Cl  Cl 

43ii  c'':  . 

4 9.  07 

59. '=>3 

55.  34 

3 . 0 0 

50-171  . 

•;7.  1'9 

40.71 

4£.  31 

3 . 0 0 

5 £'"'31:  1 

£"?.  Cl) 

?3 . £■  5 

••19.33 

1 0 . 0 II 

5 4 if.  03. 

£.'  ? . £.'  0 

£'3 . 3 9 

£7.3  0 

1 . 0 1'l 

5 3 '■'7,;'. 

13. '93 

£1 .33 

£3.  03 

14.0  0 

/V)0 


EPTH 

OEF. 

X-CPP. 

'i  -CPP. 

DEPTH 

DFF. 

x-irpp. 

'v~r  P'lu 

FftCTDP 

iH :. 

IH'i. 

IH", 

FftCTDP 

IH'"  . 

IN’, 

0* 

1 * '9££ 

0. 

0. 

3 . 0 

1.4'9'9 

0. 

Cl. 

1 . 355 

4 . 03 

0. 

1.451 

4 , 03 

Cl. 

C‘  4 0 

1 . 37'9 

0 . 

0. 

1 0 , 0 

1 , 3 'SO 

0. 

Cl  I 

1 . i 04 

4 . 03 

0. 

1.  351 

4 . Oi: 

0. 

4 0 

1 . 770 

0. 

0. 

1 £ . 0 

l.£7'9 

0. 

0. 

1 .3'91 

4 . 03 

0. 

1 . £33. 

4 . 03 

Cl. 

6 i‘i 

1 . 3 34 

0 . 

0, 

14.  II 

1 . 1 '95 

0 , 

0. 

1 . 533 

4 • 03 

0. 

1 . 1'93 

4 . Cl  3 

0. 

GPOUMp  FLOTPTiari  I'E-IGM  PPOGPClM  PEUJLT' 
EHP  OF  PPDPL.EM 


A5 


PROORAM  LISTING 


Page  1 of  0 


70naT  0l  02«21»77  11,166 


lOnc 

line 

126C 

l3f)C 

Koc 

196C 

i6no 

l7ftc 

iej|C 

i9fie 

SOfle 

2inc 

22hc 

23hc 

246c 

29ftC 

266C 

27nc 

26ne 

2«nc 

aoflc 

316C 

nr, 

34AC 

39(jC 

36ae 

3?rtC 

sane 

39nc 

40flC 

4166 

4206 

4SAC 

44flC 

49flC 

460c 

4706 

4906 

49fic 

9006 

910C 

9206 

930 

946 

99fi 

960 

970 

96n 

9*0c 

6006 

6106 


1 MIR  69 

UES  HOD  41-Q9eH0«l44 

PROO,  41-ZOaOQl  QROUMD  rtOTATlON  DESIGN  BOEING  aIRCRAPT 
DOCUMENT  noaooaeTN  Transport  division,  box  top.  renton,  mash 

NOyEl  TU  THE  ORIGINAL  ROEING  PROORah  tHE  PAy/EHEM^  DESIGN 
DIVISION  . SdPLi  HESt  HAS  made  SeVeHaL  CHaNQES.  THE  THICKNESS 
SOLUTION  WAS  REPLACED  WlTH  AN  INTERPOLATION  SQHSME , THE 
thickness  is  now  derived  prom  CMR/P  vs,  T/$oR(A)  curve, 
the  old  PIPERCEnT  design  THICKNESS)  HAS  BEEN  REPLACED 
WITH  ,N  aUPha  Value,  the  term  c°''ERaOes  is  replaced  hith 
PASS  C6v§ls; 

this  program  •CHANQ4(  is  identical  to  'change* 

WITH  ONE  exception,  AN  OPTION  |S  AVAILABLE  TO  RUN  1>7 
PASS  Levels'. 


32  Nw  Number  op  wheels 


32 

X(NM) 

X coordinate 

in, 

in, 

32 

X(NW) 

y coordinate 

in', 

IN. 

32 

SaD(NW) 

Radius 

IN. 

IN. 

32 

RA»2<nH> 

Radius  sqlarsd 

In. 

32 

2R(NW) 

PRESSURE 

PSI 

QX  X COORD  OP  QRIUIDISPLO  DOX  DELTA  X 

OX  y OOORD  OP  QRID(nllpLC)  DOV  DELTA  V 

XKiKX  NUMrER  grid  links  (SIZE) 

YK«KV  mUHREH  QHiD  LINK* 

ZKaKz  number  OP  OEPfHS 

In*  PHI  ANGLl  USED  IN  INTEORATICN 

10«  CS  COSINE  OP  PHI 

Ifla  SN2  SO  OP  SlNE  OP  Pwl 

16,10.8  SU.'JiK)  displacement 

6 KKZ  number  op  max,  ordered  C 1 SPLACE ments/oepth 

IPR  NUHreR  SgTS  OP  PRlS5.,Rit)II»  ♦ COVfcR^oEB  /pRn^ 

9 ' c ITH  Coverage  vAiue 

a Z OEPTN  OP  ITH  wheel 

a 72  zm  SOUAREO 

running  time  (MINUTES)  ■ NW  * KX  • Ky  a K7  / BO 

COMMON  x(32)iY<32),RAD(3m) iRAD2(3K) .PR(32) 

COMMON  XQ(10),YO<iO),Sao.lO»«) 

common  z(a)'.'Z2<A).xLOC(a,OA),vLOciai06),so(e.96> 

COMMON  C<9l»EsWL(8),CB'l<a.'7) 

Common  gn2( lO) .usdn) 
dimension  KtItLEIBA) 

X(NW).  V(NW)>  R4D(NW)i  lAOeiNw).  RR(Sw) 


a6 


Pttfte  ? of  8 


70»?T  01  na»2l.77  11,186 


sahC  XOOtK),  YG(YK),  S(XK.  YK<‘  ZK) 

636C 

64AC  ZIZK),  Z2<ZK).  XLOCCKi  KXZ)»  YUOC<ZKi  KKz)',  80izK.  KKZ) 

69hc 

68nc  C(9)t  ESWL(ZKI«  CBRdKi  8) 

67nc 

68n  DIMENSION  B(7).NCC(7) 

69h  DIMENSION  U(170  } • V U70 ) *Tii  (B.  7 ) 

7oe  data  U/i<33.>iiv^*>>^8i>94*.^a»«9t,8a»i88it84<iB2*;B»i7t) 

7108T ,7b> ,74i i74*  *74 ,884  *664 164#  *6?#  #6i ,89# ,884  ,57, 1861 1994 ,944 
72n8«93, 19Z4  *9l4  ,94 ,49, ,464  *474 ,46^,494  #444 ,434 ,42# i4Xi  44, *394 
7384*384 137| *364  *39* ,34*  *334  i324  43I4  *34  «^74,2C4 ,274  *284 ,294 ,?4A423i ,224 • 
74o42l4  *24  *1994 ,19*  *lB9*  *16* il794  ,l7*  4l69> 1I64  4199*  *184' *1494  , ‘14* ,139* 

79n<.  l3 1 *129;  *1:2*  1 119* ‘,11 4 .109*  .1*  >098.  ,096,  4 p94.'  1 09?*  1 09.  *088* 

78A4VQ664 , 084, . 0»2 4 . 08i , 078* . P76< . 074* , 072i , 07* , 068* . 066 1 ,064 1 *062* 

7784'*‘06  4 ,089  4 .098*  ,097*  ,096*  •099  4 .'I94*  ,0931 .0921,091  * .09i  ,049i  . 048* 

78n4.0  47* ,048, *049 4 .044* , 043*. 042.^041.  ,041 ,039,  038 037, ,036* *034, 

79n4. 03?  4 .03,  ,029  4 .028,  , 027*  4 0284 .029*  .024  1 , 0234,072.',  021,  ,02*  4 0l9  4 
00n<,018* ,01?i ,016* .019* ,0l4i ,018, toi2*iOll**Ol*.009ii0084{007**Q069i 
8188, ‘006 1 .0095;  ,009*  .0049,  , 044. , 0039*‘ . 003*  1 0029* 003  *'•  00179  ..  0019» 

8288 1 00129* ,fi0i* .000879*. 00079 4 , 000829 4.0009/ 

830  data  v/O, 4. 04fl.. 094*099*. 06*. 061*4069*, 07,ip78.',oB.. 089* 

8408*009  4 , 1 , .103i « 11. '.lib* .124 .1377.13. .14* ,19* .198*  *164, ,1684  *17*. 

8988.17  8* .18*  *189. , 19 4 * l94 ; , 2 4 * 2 09 * . 21 . ,2l8,  ,22*  .23* .24*  * 242V, 29 
8888)  .2994.264  ',27  4 ,276,  .287*  4 297«,  <02,  .3121  ,321* ’.33*  ',342.  ,399.  .37* 

87B8i'38,  ,3791 ,414  ,488  4 *44.,46(  *41.  tS.,92lM994  .96*  ,972i . 99*  . 601  * 

8Bii8.62..63.  .69*  ;67.',69  4 ,7d8..728,1742..769m789.  ,8l94*n4,,87. 

8988,7* .734 ,99a. , 97 • ; 989 1 1 . * 1 . 02* 1 »032 . t . oA9i 1 1 069* 1 , 0* * 1 , t * t . 119* 
90h81.134i;i9.1 .178*1.19, 1,21. 1,8311.2941. 27, 1.29.1 .3184 1,331 *1.34 
9lh8* 1.399 4 1.37. 1.382* 1,4. 1,412, 1,. »34i.449ii,46. 1.479*1  4 499.1.913* 

92881. 93* 1.99ii,'»7. 1,99, 1,612. 1,83?, 1,69*1. 678, 1.71. 1,73, 1,76* 

93881 >8? 4 1.881. 1,99. 14  969, 2, 023.8, 083, 2. 109  4 2. 149 4 8.197. a, 847.2. 228 4 
94882. 39a, 2, 42, 8. 486. 2.997 1 8, 639«8:78, 2.813,2,919, 3 4 029 4 3,197,3,3024 
99883. 466, 3, 66.' 3. 888, 4 ‘.182, 4, 321*  4 2981. 4. 704*  4, 93b.  9 '.208, 9. 928  4 
96889. 913,6,39,7,007 4 7, 837. 8.381* 9:096.9,0244 11, 098, 11,87, 12. 62 4 
978814,09,19*7/ 

988  799  7o6h4T(9flM 
998C 

lOeoc  44*t#«*##****.**.  n.PgT  roRMAfsi 

lOin  701  roRHAY  < //  nx.  enoo  »ahry  //  ) 

1O9O  800  FORMAT  I^OAO 
lOSo  801  F0RM*T  <inF7*/) 

1040  108  format  (917) 

1090  80s  format  < iHi,  8H  TImIXQ  / 2flH  Ky , NX 4 K/ 4 H, kA, T ImB  9l7i  r7.2/lHl) 

1060C  **#•••••••*•*♦••  OUTPUT  formats 

1070C 

1080  900  format  (IHl) 

1090  90i  FORMATdOX.AOHQPOOND  FLOTATION  UESIGN  PRCqRAM  RESULTS  ///) 
llpO  90?  FORMAT  (i9X,  2nA4,  / ) 

lIlO  903  F0RmaT(29hNUM*4ER  OF  WPeELS  (MaXImUm  32)  /18> 

1180  904  FORmATI83HX  CoOROIuatEs  qF  PHEElS/ ( ’F8 4 8 > ) 

1130  909  F0RmAT{23HY  COORDINATES  OF  WHEEl.S/(9Fe,8)  ) 


70S2T  01  02*21*77  11,186 

1140  906  roRMAT(aoc.  or  qrq^-qkd  incrt  «noi  or  lin8(Rax(io)>' 

ll«06./,6rs,2) 

1160  907  rOfiMAK  tNUMoER  Or  OEP*  ^HAX  08)  ANq  OE***  iNcRfiMiNt 
1170<'i/«2R8.2) 

1160  908  rORMAT( tOESlREO  NO.  Qf  ORD,  MA«,  DISPlCmTS  PER 
11406DEP.  (MAX',06))i/ilB> 

1260  9O9  rORMAT<«NO,  Or  SETS  Of  6RbS8,»  H*D,,  AND  COV, 

1240ITO  roiiDwi.yiie) 

12P0  910  roh^ATCPBHRErEREMCF  RADIUS  A|gD  PRbSSURby?PB  .2 ) 

12X0  911  rePMAT(9HPRFSSURE3/{9r8;2)T 

1240  912  rORHAT(9HRADll/(9re,2i) 

1290  913  roRK|AT(6HpASSES/(t>!lO)t 

1260  914  P0RMAT(4X;'DEPTH),4X»)D6P.I.4K.*X*CRD;'.3X»'y*CRD.'i 

127044X, 'oepTHi ,4X. 'oer.  S4X| ‘X-CRO, • ,3X. *Y-CRD,  t 
l26089X,'lNS.',;3X,'rACT0H',4X,tINs;',5X,'lNS,'» 
l2906iX.  ■ |NS.'i.3X.<pACrOR*  .4X.  «]))$:•  .9X1  M^Si)  ) 

I3|l0  915  rORMA-r<r9;i,r9,3.r9.2ir9.2,r9,l»F9,3,F9,2;f¥,2/ 

i3“o8(ri8.3,P9.2iF9.?,na.3ir9.2,r9,?)) 

13*0  916  r0RNAT(P9.1ir9.a.r9.2«r9.9/(ri6i3tP9.2*f9;2)) 

iS.NO  917  rORMAT  (]9Xi3HCQRi7X«3HeRH*7X«3HcbP<^X*3NcB^»’X*3HcBP* 

l34067X;3H-T*i/i4X,4HEsULi6Xi6HPAs3gBi4Xi6HPAsS6s*4X76HPAsBEs«4X, 

l3906ARPASRES,4X,6HPA8SES,5X«9MDEpTH./.3X,6HPOUNDSTtlO»I10*llO. 

iSAOAllO*  H0l6X|3HtN.i/, <r9,Ot6rio'2)) 

,370  PRINT  90(1 

1360  920  rORMiTCiDj;  THeOH,  DEPLEcTJON  M.X,  OFFSET 

139041S  tiF7V2i6H  RAUII  //) 

I4h0  929  F0RMAT<19HAI.PHA  VALUE®  NAX{  7 > » / K *>F10  i 3 ) > 

l4i  0 926  rORMAT(l2HCONTACT  AHp.Ai /f  10 , 2) 

i4r0  927  form  AT  (i9X»  SHORN#  7X,3'^-T-.y,'4X,4HfeSNL.9X.6HPABSeST5X»5HUEPTH, 

i4S0</i3X)6H20uMDS> 110#6X#3M1N.|/, <r9,0«?rl0#2) ) 

1440  928  PORHAT(lSXi3N0ER|7X»3'4c4R#7X#3H-T*t/#4X,4HE8WLt9XT6HPAS&El)4 
l45044X,8HPASSfS.9X,9HDCPTM,^,SX.6MP(lUNnS,2llo»6X»3NjN,iy,4r9,Oi jFio,20 
1460  999  FORMAT(l5Xi3HCBRi7X,3«rRR,7X»3HCBF'#7X,3H-T-»y.4X,4HgSwL#9XitH 
l4704P*SSES,4X;6HPASSFS.4X,'6MPAS8p1,»)X,9Ht)CPlH*/3X,eHPOUNi,8.ail0,6X,3HlN, 
14606/1  (F9i0V4P10.2)  I 

1490  93fl  F0RMAT(l94,3HCnR,7x,3N(,lR,7v,3HCEII',74,3HCBR(74,3M*T*./.4x, 
l96064H|;SMLiSx;6HPASSES.4X,6HPASSF8.4X,6HP*SbES#4X,6HPASlL8i9X.9HDEPTH# 
l9i04/i3X#  AHPOUNOSi  4I1016X.3HIN,  ./;(F9.n»!>Flt..2  > ) 

#9j0  940  rORMAT(V) 

l9S0  C4LL  *TT*cH(l#''P8SF4/orJLFi».3,0.  , 1 

1940  5000  CONTInUF 

1950  PRINTOOI 

1940C  head  current  TITLE  CaRO 

19*0  HEAD  799 

i960  REaD<1#940)lINDNO«N4 

.990  |F(Nw;0T.7)Q0  Tu  69. 

1660  REAt)‘i  i940)LlNgN0,<!u  »*  1»1#NH) 

1610  QO  To  692 

16P0  69l  continue 

1680  REaDII  ,940)LlNEN0,(XU).I»l#8) 

1640  IFiNN'.LT.OIGO  TO  350 

1690  REaD(1',940h  INENO.  (X,  J ) • t*9.16) 


PaKe  I of  8 

70S?T  01  02-21,77  11.186 

i860  tl'<WW.l.T,l7)Q0  TO  3So 

1,670  RBAD(]  <940)lINENO,  (X(  Mi  l*iV»94t 

1660  IF(UW.UT, 29)00  TO  3tfQ 

1690  REaDU,940)L  lNFun.;<Xn  >*J«29,32) 

ITOO  693  RFa0(1  .yAOjtiNPNO, <y< I )iI«l,NW) 
iTTo  80  TO  3S5 

iTrn  390  READ(liy40)LlNgN0i'(r(  Itilalti) 

1730  IF<Hw;lT,9)00  TO  3^3 

1740  RK*h<1  •940)lINfN0,‘<V(I 

1790  rfCNW'.LT. 17)00  TO  3»!l 

1760  READ(^,94n)LlWRN0;(yn)«l«l7,24) 

l’7o  |F(Nh.LT,pS)Of)  TO  335 

17$0  RFADd  i940)LINEN0.  (y(U*t«9»«i9> 

I7f0  359  cONTlNOt  * 

Ijnoc  hEAO  QR.D  Oi  SFl^CEhSijTi  •IgCRfiME'gt  A|gD  StZE  For  % AnD  V'AXi 
iBiO  F6AD(l,940JUN6NO,0v,D0yivK,OY*t)8v#YK  ‘ 

1890  KXaXK 

1830  KVtVK 

18400  READ  NOmHEN  OF  DEPTHS  Af^D  DEPTH  jNCRfaMtNT 

1890  «eA0(i;940)LfNeNOi2K,02 

18a0  KZ.ZK 

1870  HtO 

IABO  KAiKy«KX»KZ«HH 

1890  TIH6iKA/490,0 

l9f)0C  ••••••#•*•••«• 

19100  NyMBBR  OF  MAXIMUM  0RDG85D  DlgP*. aOEMRNts  PtR  DEFtH  RBOuIRED 
19»Q  OEAO.(i,940)l.lNt:Nlf),KKI  ® ^ T u 

1930  RFADM ,940)lINEN0;IPR 

1940c 

1990  P04500[PRSi 

19A0C  READ  euniv. 

19700  Factor  is  i 

i960  ReA0ai940) 

1990  RESh^iiRCSWi 

jonn  380  l■ll^ 

2O1O  pH(t)ipESW 

2090  360  RAOthiRESW 


P04500[PRSili iPH 

RE60  eunlv.SlNi'JUF  WHEEW  Ut'InS  AND  PNESE, 
Factor  is  in  radii  r , factor  t y 

REA0a^940  )UNt:NO*rtE8W»P1S^. 
RESh;|iResw«RFSR 
dO  360  INliNW 
pR(t lipESW 


2030  iFTlPpij.NEil  ) (iO  r3  73» 

20400  HE*D  no,  or  PASS  LEVELS, 

ikAMA  .... 


2090 

gOfOO 

$070 


READ(li'94fl)LlNtN0»  Nal 
HE*D  PASSES. 

RE*D(1  i 940  )LU'eN3,  ( JQCt  '>•  I»1*^'aL> 


20600  read  alpha's; 

2090  FEAD,  1,940  )LINENO(  i B { I V • I ■! . NAl ) 

ainoc  read  oontaot  area, 

2110  RtiAD<l,940)LlNFN0,CAReA 

zipfl  739  continue 

alsA  PR.NT9t3,NH 

2140  PRInT9P4,  (XU  ) , l*l,|uH) 

2190  PRINTVu5,(Y(I).1«1.NW) 

2160  PRINT9o6,nx»nGX,XKiQY,Ooy|yK 

2170  PRINT907,ZK,rZ 
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21R0 

steo 

ssbo 

22in 

2291) 

22.1C 

2249 

2290 

2240 

2270 

2240C 

2200 

aano 

aaiflc 

2390 

23,10 

2340 

2390  25 

2340C 

2370C 

2340C 

23O0C 

24A0C 

24i  0 

2490 

24!inc 

24ilp 

inl 

2470 
2440 
2400  27 
29noc 

25  iO 

2990  20 

2910c 

2940 

2990 

2940  40 

297oC 

2540 

2990 

2600  42 

2ai'0C 

2690c 

2610 

2640 

2690 

2640 

2670 

2640 

2690 


9RrNT9o8iKKZ 
PR1NT909, IPR 
PRINT9l0iRESW.PESH 
PRTNT9ll,<PR(I).»tl(NWj 

<’RtNT9i2i  <HAD(1  ),’I»i,NW) 

PRINT  9l3,<NrC(l )i I«1,NAL> 
PRINT  929.(0<l).t«l*NAU) 

PRINT  926.CAREA 

PtaS;i419«269 

nPti3,0/(2;0«PI«RE9U»PES4i 

SeT-uP  or  GRID  depths 

ZdItO.O 

Z2(l)*0.0 

n029t*2iKZ 

Z(T>iZ(I-x)*t)2 

PI440  • ;07e939ei6S3974403D 

PI/20  • US7P79632679489661 

Pl/10  ■ ;314199249398979323 

PI  13.141992683989793230 

PID*0, 19707943,1 

HH[a»0. 0785398163 

RET-UP  SIN|PM|)S0  and  C09(PHh 

no87tii,io 

PH1*PH1*PID 

SiNeiSIN(PhI) 

lN2(|)iStNE»9tNE 

Rscnieos(PM{ ) 

CONTINUE 

SET-UP  RADII  RbUARED 

D028lal«NW 

RAD9( I )aPA0( I )«RAO(  I ) 

IfT-uP  X»cOORnS  FOR  oRIn 
XQTDaOX 
D040la2iKw 
XflH).XO(l-l)*DQX 
SET-UP  Y-COOPOS  fOR  ORfO 
YQtliaUY 
0042112, KY 
T8l  naV0(  l-l)a08Y 


n080f al,KY 
YlaVni I , 
D078ja],,KX 
XJRXOI J) 
n076K*l,KZ 
Z2K*72<K> 

sspo:.o 


r 


AlO 


I 
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jTflO 
27H  0 
2T?n 


2730 

2740 

2750 

a»Ao 

2770 
2740 
2770 
2000 
201OC 
26700 
2630  66 
2640 
2860 
364'' 
2670 
2860 
2860 
2*00  71 
j9i0 

29p0c 
29.30C 
2940  72 
2950 
2660 
297" 
2900 


299" 
38p0  . 

30U  73 


3020C 
3030  120 
3040  902 
3050  503 
3060  76 
3070 
30*0  76 
3090  76 
3100  60 
31iOC 


3190C 

3130C 

3140 

3150 

3160 

3l7''C 

3160 

3190 


3260 

3|10 


jlO 


I3074l»  1 » KiU 
06D2liK602(L) 

>^6DU«RAD(L) 

HbL«Ph<U) 

SjIKiO.O 

XlQaX(L)-XJ 

R2RXIQ4XU0 

VL8»V<L)-YI 

R2«Vi.G«YuQ*R2 

R«S0RT<R?) 

)P(R;R4Du)06i66i72 

su”  DIsI*1-6CEM6Nt  Due  'JNfc  wHEEU  Rad,  DREaT^H  t”EN  R 
DO7ih.1,10 

SAKiSQNT(RAD1>L>R2*3N2(M)  ) 

RC6R«CS(M3 

ERPiHC*SAR 

PRP2«ERP*FRP 

fcRH«fiAF(-RC 

PRH2aERM«F.RM 

SJlK.SJIK«<ERP2/SDRT(6RP2*Z2K)«eRH2/SQHT(ERH2*22Kh4PlD 

ooToia'* 

9UM  nfSPi,ACEM6MT  DUE  TO  OnP  HUtUl.  RAU,  (.ESs  YMan  R 
0073M«1i10 

SAfti80RT(R2-RA112L6'iN2(>1\i 

AC6RaDL«C3(M) 

3P6iaC*SAR 

SPA2aSPA«SPA 

SSAiRAR-AC 

SS62fSSA*8HA 

sJlKi<;JIK4ALVsAM*(sPA3/.}g(,T<6>’A2*22K)>$8A2/iig„T(SgA|*22Kn*P|D 

SJlKiSJIK.PPL 

SS,S8«SJ1K 

continue 
continue 
s< J| t |K)«SS 

continue 

rONTiNUp 

C0NT|NUE 


no22?IZ»li'KZ 

D0222U*1iKK7 

EmAXiO.O 


D022nIX*l>KX 

n0330lVal,KY 

IPtS(  iXi  IY.'IZ)-EPAXl;20,22n>2lU 
EHAXiSC  IX.'IV,  IZ) 


All 


i 
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32?n 

32R0 

3240 

32a0 

3240 

3270  820 
3240 

3290  222 
33h0C 
33?0C 
3390 

3330  25q 

3340 

3390 
3340 
S3;0 
3340 
3390 
34n0 
34i  0 
3490 

3440  l»nO 

3440 

3490 

3440  2«A 


tXM«IX 
!YM»I V 

XL0C(I2tL)iXn( IX) 

VLOCr  |Z,L)»Yr,(  lYJ 

COMTInUF 

S(tXHityM,l2)4U.Q 

COMINUF 

flALCiiLATf?  EOuIv.  sIN0L9  jHI-El  UOA-) 

l1029oiil,KZ 

ESWLM  >aSI)(  t i1)*S>1RT(9E4W8^Z8<  t ) ) 
SRAREAiSORTICAHEA) 
t)0  270  I«1i'NAI, 

KSa2 

UO  245  Jtl.'KZ 
7AN.Ti«7(J)/R<  1 ) 

\'14ta(  Ji  I )/srA^EA 
irfVl.NE.Oi)  00  TO  1904 
OBR(  J.  n«U(l)*(ESWl.(J)ZCAREA) 


00  To  247 
1»00  CONTjNUf: 

DO  244  K>Kc«l7U 
IFIVIK, .OT.Vl,  on  TO  1490 
8«4  continue 
PRtNT  1440 

1440  P0RMATI5X, <•*•••  THICK4BRS  VauUG  CONSIDERED  EXCEEDS  UlM 


349041^8  OF  BURVE  •••*«)  I 
8900  00  To  4900 

391  0 1490  ULiALOQlO(U(K»in«nVl-V(K-i  ))*(ALOtilO<U(K-l»  >-AlOqIO(U<K) 
3990llh/(V(«).v«K-l)> 


3930 

3940 

3940 

3940  247 
3970  269 
3940  270 
3990C 
3640 
34Vn 

3490  33q 

3a30C 

3d40c 

3690C 

3440 

3470 

3440 

34?n 

3700 

37|f0  989 

3790 

37S0C 


UlAlo;«*Ul 

CBR(  Ji  t ItUlAIESVIUUl/CARfiA) 
XSAK 

CONTINUE 

CONTINUE 

CONTINUE 

D033nIZ«l*KZ 
D0330L.1.KKZ 
sD(  iz.L)«sr>(  ix«l)«dpe 


PRjnT 


PR1NT9U0 
PRTNT  014 
KZ2.KZ/2 
KZ0VR2OKZ2 

IFfK7-KZ2i.hZ?)59i,S«9»'»84 

leveNoi 

QOT0947 


rage 
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1 kiovRJ-”"''"'" 

374'’  5»«> 

3760  PBtNT^OO  20VW2 

3?*'’  _H7 

-•77ft  •li-K70'^^^  ih 

38400  i\. 

■ 

rrc  ;r,r,;r.„ ,, 

3070^-^  U(-N*U.6«.  ».7.(SCCll'*^  ‘ ....ev, 


>UVu.^.Vi.S\ 

1 uU*i.  .6«  • 11 . K/ ) 9i7 . (“^cc  I n • ‘ ^ t n . I C9R  ^ ‘ ^ ' 

39004J  ^ If  tN4'-‘^Q‘,S  ,KZi  . ^ , O . lCB«  ^ 

40^0&J-i  o-7,<'iCt-n'*  • ^ ^,,  IS, 

.03(’&5’‘^SptH4U.£«’;S  ,,  ,), 

1o6P*'-^-"Sp1NT  ^00  p,^n7  ^ 

404'’  sli.KZl  „7ft.t'lC0{t''’ 

4070  ,N4t’i7^'SSl 

40^n*J  6 \f 

400°  . NuU.Zl''’' 

4100&J*8'^Pr\NT900 
417  0 pp-lNT  900 

nr.  •’»'  o'o°n.'r'o- 

4140  P-nD 

416'’ 
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In  aeeordanee  vlth  Hi  70-2-3>  paragraph  6c(l)(b), 
datad  13  fabruary  19T3>  a facslnile  catalog  card 
In  Library  of  Ccngrasa  fornat  la  raproduced  belov, 


Pereira,  A Taboza 

Procedures  for  development  of  CBR  design  curves,  by 
A.  Taboza  Pereira.  Vicksburg,  U.  S.  Army  Engineer 
Waterways  Experiment  Station,  1977. 

1 V.  (various  pagings)  illus.  27  cm.  (U.  S. 
Waterways  Experiment  Station.  Instruction  report  S-77-l) 
Prepared  for  Office,  Chief  of  Engineers,  U.  S.  Amy, 
Washington,  D.  C.,  under  Project  l*A7f'271OAT!j0,  Task  A2, 
Work  Unit  001. 

Supersedes  WES  Instruction  Report  U,  dated  Nov.  1059. 
Includes  bibliography. 


1.  California  Bearing  Ratio.  ?. 
3.  Pavement  design.  U.  Pavements. 
Corps  of  Engineers.  (Series:  U. 
periment  Station,  Vicksburg,  Miss. 

s-77-1) 

TA7.W3l^i  no.  S-77-1 


Flexible  pavements. 

I.  U.  S.  Amy. 
S.  Waterways  Ex- 
Instruction  report 
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